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Experimental demonstration of RSOA-based WDM PON

with PPM-encoded downstream signals
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Pulse position modulation (PPM) is introduced downstream of the reflective semiconductor optical am-
plifier (RSOA)-based single-fiber full-duplex bidirectional wavelength division multiplex passive optical
network (WDM PON) to suppress the interference brought by the remodulation effect in the RSOA,
Rayleigh backscattering, and reflection of the connection devices. In addition, because of the power-
efficient characteristic of the PPM-encoded signals, the power budget shows clear improvement. As the
experimental tests indicate, with ∼6 dB extinction ratio (ER) in the downstream signal, the receiving
sensitivity of the PPM-encoded channel is ∼2.6 and ∼3 dB higher than that of the NRZ (Non-return to
zero)-encoded channel in the downlink and uplink, respectively.
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Because of good amplification and modulation charac-
teristics, the reflective semiconductor optical amplifier
(RSOA)-based colorless optical network unit (ONU) is
a promising candidate for deploying wavelength division
multiplex passive optical networks (WDM PONs)[1−3].
RSOA-based full-duplex bidirectional WDM PON has
two key limitations. First, the RSOA is a bandwidth-
limited device. Without signal processing, the modula-
tion bandwidth cannot exceed 2.5 GHz. Second, RSOA-
assisted ONU is vulnerable to interference brought by the
remodulation effect, Rayleigh backscattering (RB), and
reflections[4−6]. Facing these problems, many schemes
have been reported recently. With the help of electrical
equalization and high-efficiency forward error correction
(FEC)[7−10], the modulating bandwidth of RSOA can be
enlarged to beyond 10 GHz, which means it may be a
promising prospect for large-scale application. By using
frequency-shift keying (FSK) modulation[11,12] or opti-
cal carrier suppressed (OCS) modulation[13−15] with a
Mach-Zehnder modulator (MZM) to shift the frequency
between downstream and upstream signals, the interfer-
ence can be suppressed.

In this letter, pulse position modulation (PPM) is in-
troduced into the downlink to suppress the interference
and reduce the power budget[16,17]. The PPM-encoded
signals, with very different the frequency distribution
from the non-return to zero (NRZ)-encoded signals,
have less impact on the NRZ-encoded signal, which sig-
nificantly improves the upstream signal performance. In
addition, PPM is a power-efficient modulation scheme
that aids long-reach network realization. As a result,
we could substantially improve the power budget of the
RSOA-assisted WDM PON by using PPM instead of
on-off keying (OOK) in the downlink.

The principle of PPM-encoded signal generation is
shown in Table 1. In PPM, the symbol duration is cut
into M time chips, and the optical pulse occupies one
of the M chips. As a result, for any M greater than 2,
PPM requires less optical power than OOK. However, the
spectrum efficiency of MPPM is much lower than that
of NRZ. Under the same symbol rate, for PPM-encoded

channels, the required bandwidth is log2M times larger
than that for NRZ channels. To balance the spectrum
efficiency and the power budget, digital PPM (DPIM)
and differential PPM (DPPM) are utilized. DPIM and
DPPM can provide much higher spectrum efficiency
than quantized PPM (QPPM) because all the unused
timeslots from within each symbol are erased. As Table
1 shown, a symbol that encodes M bits of data is repre-
sented by a pulse of constant power in one slot followed
by k slots of zero power, where 1<k<L and L=2M.

The spectral differences between the PPM and NRZ
signals are numerical simulated in Fig. 1. The frequency
distribution of the PPM-encoded signals does not con-
centrate in the zero frequency because only one bit exists
in every timeslot in the PPM-encoded signals. As a re-
sult, the PPM-encoded signals have less interference on
the upstream NRZ-encoded signals and the performance
of the upstream signal be improved.

Figure 2 depicts the experimental setup of the full-
duplex bidirectional communication system with an op-
tical line terminal (OLT) and ONU. In the OLT, the
downstream optical signals were obtained by modulating
a decision feedback laser diode (DFB-LD) operating at
1 549.32 nm with a dual-driver MZM (DDMZM). The
multiple encoded electrical signals driving the DDMZM
were generated by a pulse position generator (PPG1)
(MP1800A). A polarization controller (PC) was placed
before the DDMZM to emit the maximized optical
power. After an optical circulator (CIR) and a 1×4
multiplexer (MUX), the signal was launched over 30
km of a single-mode fiber (SMF) with 6.4 dB total insert

Table 1. Coding Principle of the PPM and NRZ
Signals

Original NRZ QPPM DPPM DPIM

00 00 0001 1 1

01 01 0010 10 01

10 10 0100 100 001

11 11 1 000 1 000 0001
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Fig. 1. (a) Electrical and (b) optical spectra of the down-
stream signal.

Fig. 2. Experimental setup of the RSOA-based full-duplex
colorless ONU system. BERT: bit error detector.

loss (IL). A demultiplexer (DEMUX) was used to filter
the downstream signal and sent it to the desired ONU.
At the desired ONU, the downstream signal was di-
vided into two parts with a radio of 50:50 at the optical
coupler (OC). The signal at the lower arm was used
to excite the RSOA, serving as the upstream carrier,
whereas the signal at the upper arm was detected by the
photodetector (PD). In this test, a 10-GHz bandwidth
PIN was used as the PD with a receiving sensitivity
of −19 dBm. The RSOA was a commercially available
device (CIP SOA-RL-OEC-1 550) with 1.5-GHz modu-
lation bandwidth and 24-dB small signal gain at 50-mA
bias current. The RSOA was biased at 70 mA (in order
to provide a higher gain and balance the line loss) and
driven with a 4-V peak-to-peak NRZ-encoded signal (a
2.5-Gb/s, 211

−1-long pseudo-random binary sequence
(PRBS) generated by a PPG2 (MP1703C)). Both the
downstream and upstream signals were detected by a
digital sampling oscilloscope and processed off-line.
The eye diagrams of both the downstream and upstream
signals are shown in Fig. 3. All the eye diagrams were
taken after the 30-km fiber transmission with the same
received optical power at −10 dBm. In order to ana-
lyze the downstream effect on the upstream signal, the

same modulation index was used in the downstream
(Fig. 3). The PPM-coded signal downstream signal ex-
hibited better performance than the NRZ-coded signal.
In addition, the upstream signal had less influence in the
PPM-encoded channel than that in the NRZ-encoded
channel.
The system performance was characterized by BER
measurements, as reported in Fig. 3. The bit rates of
all the encoded downstream signals were set as 10 Gb/s.
The modulation index, which is defined as the radio of
the bias voltage to the V , was fixed at 55% with the same
signal amplitude of 1.5 V. The extinction ratio (ER) of
the downstream optical signals was ∼6 dB. Nevertheless,
the quantity of the information carried in the downlink
was different. According to the coding principle of the
PPM signals, with the same bit rate, the QPPM signals
contained only 50% of the NRZ signals. For DPPM and
DPIM, the data size was approximately 75% of the NRZ
signals.
In this scenario, as Fig. 4 indicates, the power sensitiv-
ity of the PPM-encoded signal was ∼2.6 dBm lower than
that of the NRZ signals. For the DPPM or DPIM signal,
the improvement of the power sensitivity was ∼1.5 dBm.

Fig. 3. Eyediagrams of the downstream signals and upstream
signals.

Fig. 4 BER curves versus received power employing PPM-,
DPPM-, DPIM, and NRZ-coded downstream signal, BER
curves of the (a) downstream and (b) upstream signals.
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Increasing ER of the downstream signal raises the im-
provement correspondingly. As ER approaches infinity,
the improvement of the power sensitivity would equal 6
dB for the QPPM signals. However the rise of the ER of
the downstream signals would degenerate the upstream
signal. Thus, the trade-off of the downstream and up-
stream signals should be considered when setting up the
system.
For the upstream signal, the PPM signals have less
effect on the upstream signal. As a result, upstream
signal remodulating the PPM signals showed better per-
formance than the NRZ ones. The power sensitivity of
the upstream signal with PPM downstream signal was 3
dB, showing an improvement over the NRZ signal.
Because ER is dominated by MI, the influence of ER on
the downstream signal and upstream signal was analyzed
by varying the modulation index from 45% to 65%. The
BER curve versus. modulation index is given in Fig. 5.
Because modulation index affects not only the ER of the
downstream, but also the injected power of the RSOA,
when modulation index increases, the injected power
becomes reduced and degenerates the upstream signal
performance. As a result, the ranges of modulation in-
dex for the error-free transmission (BER=10−9) in both
the downlink and uplink were much larger than in the
test ones. As shown in Fig. 5, the threshold modulation
index es should be ∼53%, ∼57.5%, and ∼61% for the
NRZ-NRZ, DPIM/DPPM-NRZ, and QPPM-NRZ sys-
tems to achieve the error-free transmission.
The bias current and the injected optical power of the
RSOA are the main parameters defining the working
statement of the RSOA-based system. The influence
of the optical injected power on the RSOA-modulated
upstream signal is given in Fig. 6. For simplification,
only QPPM- and NRZ-encoded signals were used in the

Fig. 5. BER curves versus modulation index; (a) BER curves
of the downstream and (b) upstream signals.

Fig. 6. Upstream signal BER curve employing the PPM- and
NRZ-coded downstream signals versus injected optical power
into the RSOA.

downstream. As shown in Fig. 6, the performance of
the upstream signal was optimized by increasing the bias
current and the injected optical power. Higher optical
power and bias current would increase the saturation
degree, and then suppress the downstream signal and
increase the ER of the upstream signal.
In conclusion, we evaluate the performance of the
RSOA-based WDM PON with the PPM-encoded down-
stream signals. QPPM-encoded downstream signals can
effectively suppress the interference between the down-
stream signals and upstream signals and improve the op-
tical receiving sensitivity; however, spectrum efficiency
is only 50% of that of the NRZ-encoded signals. In or-
der to balance the spectrum efficiency and the power
sensitivity, the DPPM and DPIM are introduced into
the downlink. Compared with the QPPM-encoded sig-
nal, the spectrum efficiency of the DPPM- and DPIM-
encoded signals improved by approximately 25%, and
the power sensitivity is reduced by approximately ∼1
dB.
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