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Abstract—An innovative overlapped-subcarrier multiplexing
(O-SCM) technique is proposed for single-feeder wavelength-di-
vision multiplexed (WDM) passive optical networks (PONs).
Allowing a certain amount of spectral overlap between the
uplink and the downlink maximizes the spectrum usage of
bandwidth-limited reflective semiconductor optical amplifier
(RSOA)-based optical network units (ONUs), while reducing the
effect of Rayleigh backscattering. In this paper, we report suc-
cessful experimental demonstrations up to 2.5 Gb/s symmetrical
bit rates over a km bidirectional PON, using a GHz
bandwidth RSOA. Moreover, we mathematically address the
major design issues and tradeoffs. Our simulation results show
good agreement with the experiment.

Index Terms—Fiber-to-the-home (FTTH), passive optical
networks (PONs), reflective semiconductor optical amplifiers
(RSOAs), subcarrier multiplexing (SCM), wavelength-division
multiplexing (WDM).

I. INTRODUCTION

B ANDWIDTH demand in access networks is exponen-
tially increasing and is expected to continuously grow

over the next decades [1]–[3]. According to the Cisco Visual
Networking Index [4], the total global Internet Protocol (IP)
traffic will quadruple from 2009 to 2014. This will drive
the peak data rates per user to 1 Gb/s or even more in the
near future, and will force much more symmetry in traffic in
fiber-to-the-home (FTTH) access networks. Today’s passive
optical network (PON)-based access networks operate on a
time-division multiple-access (TDMA) basis, and therefore
cannot cope with such bandwidth demand explosion. In gi-
gabit-capable PON (GPON) standards, a 2.5 Gb/s line rate is
shared between 32 subscribers, compared to only 1.25 Gb/s for
symmetric GPON operation and Ethernet PON (EPON) stan-
dards. This limits the peak user bit rate to less than 100 Mb/s,
forcing network operators and service providers to re-think
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upgrading their networks. 10G-PON recent standards can help
increase the lifetime of legacy systems in a cost-effective way
by re-using the existing optical distribution network (ODN)
infrastructure [5], [6]. However, because of their TDMA nature,
the bit rates will still be limited to only sub-gigabit per second
per user. Further scaling (higher than 10 Gb/s) using TDMA
will be difficult to achieve because of both technological and
economical issues.
In this dilemma, wavelength-division multiplexing (WDM)

is considered a natural choice for next generation access as pro-
posed in the literature by several research groups [7]–[16], and
as discussed by the Full Service Access Network (FSAN) stan-
dardization group [17]. Full connectivity can be achieved in
WDM by assigning a dedicated wavelength to each optical net-
work unit (ONU), i.e., user. Incorporating WDM in access net-
works provides higher bandwidth and better security than time-
division multiplexed (TDM) PONs which operate in a single-
wavelength broadcast-and-select mode. Despite the advantages
of WDM technology, cost still remains the main issue for ac-
cess networks [7], [8]. In order to avoid the costs and inven-
tory complexities associated with having distinct WDM trans-
ceivers, wavelength-independent colorless ONUs will be re-
quired for next generation WDM PON deployments [9]–[11].
Due to their low fabrication cost, small form factor, ease of in-
tegration, and ability to achieve both amplification and modula-
tion, reflective semiconductor optical amplifiers (RSOAs) have
been widely used as colorless ONUs [11].
From an architectural perspective, it is desirable for future

PONs to re-use current single-feeder PON infrastructures to
justify the installation costs and maximize savings in opera-
tional expenses. Another favorable design constraint would be
to achieve full-duplex communication using the same wave-
length through data remodulation techniques [18], [19]. How-
ever, in a single-feeder PON, the performance is severely de-
graded by Rayleigh backscattering when the same wavelength
is used for both uplink and downlink [20]. Recently, great in-
terest has been shown in radio frequency (RF) subcarrier mul-
tiplexing (SCM) as a way to mitigate the degradation caused
by Rayleigh backscattering and back-reflections in such WDM
PON systems [12]–[15].
Previous work on SCM-based bidirectional WDM PONs has

focused on sub-gigabit per second asymmetrical bit rates due
to the bandwidth limitation of current generation RSOAs. The
subcarrier frequency and the bit rates were carefully chosen to
separate both uplink and downlink traffics and to accommodate
them within the modulation bandwidth of the RSOA [14], [15].
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Fig. 1. Architecture of the proposedWDM PON with overlapped-SCM (AMP: amplifier, BPF: 50 GHz band pass filter, DC: direct current, DFB: distributed feed-
back, DL: downlink, EDFA: erbium-doped fiber amplifier, EML: electro-absorption modulated laser, : subcarrier frequency, LPF: low pass filter, MZM: Mach-
Zehnder modulator, PD: photodiode, PC: polarization controller, : bit rate, RF: radio frequency, UL: uplink, VOA: variable optical attenuator).

Recently, a novel overlapped-SCM (O-SCM) architecture that
allows a certain amount of overlap between uplink and down-
link frequency spectra was reported in [16], in an attempt to re-
duce that guard band (between uplink and downlink), maximize
the spectrum usage of the RSOA and permit higher symmetrical
bit rates. We have demonstrated the feasibility of our proposal
at a modest 1.5 Gb/s bit rate.
In this paper, we report a more realistic system using a less

expensive and more compact optical line terminal (OLT) trans-
mitter, and better RF mixers for SCM operation. Unlike [16],
an electro-absorption modulated laser (EML) is used for down-
link transmission. For simplicity and cost effectiveness, on-off
keying (OOK) intensity modulation with direct detection is con-
sidered for both uplink and downlink. We initially demonstrate
the system at a symmetrical bit rate of 1.5 Gb/s for proof-of-con-
cept and comparison with [16], we then focus on experimental
demonstrations at 2.5 Gb/s using only the EML-based trans-
mitter. Error-free operation is achieved for both bit rates over a
bidirectional single-feederWDMPONwith fully O-SCM using
a GHz bandwidth-limited RSOA, without forward error cor-
recting (FEC) codes or any electronic equalization. Note that
when up-converted, the uplink spectrum covers frequencies up
to 3 GHz and 5 GHz for the 1.5 Gb/s and 2.5 Gb/s demonstra-
tions, respectively. Through the power budget optimization, we
also show that the OLT launch power levels comply with the
10G-PON standards [21]. The design of both ONU and OLT
with simple low-cost optics and electronics makes this O-SCM
architecture attractive for next generation PONs.
Furthermore, the performance limitations of the proposed

system are addressed through a mathematical model that ac-
counts for the RF mixers and the RSOA performance. The
model also presents some design guidelines and can be used
to predict the amount of overlap that can be tolerated for
optimum O-SCM operation. Moreover, we discuss possible
improvements and implementation issues including the use of
FEC and digital signal processing (DSP) to increase the link
margin and therefore, to extend the PON reach and/or increase
the overall capacity.
The rest of this paper is organized as follows; Section II is

devoted to a general description of the network architecture of
the proposed WDM PON with O-SCM. The principle of op-
eration is included with highlights on the performance limita-

tions. In Section III, we present our experimental results and
discussions. The power budget analysis and the associated de-
sign constraints are also considered. The mathematical model
of the proposed system is described in Section IV, supported
by simulations and important design guidelines. The paper is fi-
nally summarized and concluded in Section V.

II. PROPOSED WDM PON WITH OVERLAPPED-SCM

The architecture of the O-SCM WDM PON is based on
an existing single-feeder topology connecting the OLT to the
ONUs through an arrayed waveguide grating (AWG)-based
remote node (RN) as shown in Fig. 1. The O-SCM technique
enables full-duplex communications while partially reducing
the effect of Rayleigh backscattering as in conventional SCM
systems. The insets in Fig. 1 show the electrical RF spectra
of a typical 100% O-SCM system illustrating the frequency
overlap between the uplink and downlink spectra. Because
of that overlap, it is expected that the ability of the O-SCM
to reduce the effect of Rayleigh backscattering will not be as
good as for conventional SCM systems, but better than simple
baseband transmission. In the proposed O-SCM system, the
downlink is kept at baseband, whereas the uplink is sent over an
RF subcarrier using fully O-SCM (i.e., 100% O-SCM), where
the subcarrier frequency is equal to the bit rate . Note
that if needed, partially O-SCM with can also
be used to reduce the amount of crosstalk due to the overlap.
At the ONU, a fraction of the downlink power is detected by
a - - photodiode (PD) and the remaining portion is used to
seed a gain saturated RSOA for efficient re-modulation. The
extinction ratio (ER) of the uplink is set higher than that of the
downlink to facilitate data erasure and re-modulation [19]. Part
of the up-converted uplink spectrum overlaps with the residual
downlink that is highly suppressed due to the gain squeezing
and high pass filtering effect of the saturated RSOA. At the
OLT side, the uplink is recovered after down-conversion as the
residual downlink acts as additive high frequency noise that is
suppressed by a low pass filter (LPF).
Fig. 2 shows the measured electrical power spectral density

(PSD) for the uplink before and after down-conversion for a
proof-of-concept fully O-SCM system at 1.5 Gb/s. The upper
subplots show the individual PSD of both the uplink and the
residual downlink, whereas the lower subplots show the total
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Fig. 2. RF power spectral density (PSD) for uplink before and after down-
conversion for a proof-of-concept 1.5 Gb/s fully O-SCM system, where

GHz.

PSD. In both cases it can be noticed that the total PSD closely
resembles that of the uplink, which confirms that the downlink
is highly erased by the saturated RSOA. In the OLT down-con-
version circuitry, the residual downlink is further suppressed as
it is shifted from baseband to 1.5 GHz and then low pass filtered
(4th order Bessel-Thomson 933 MHz LPF), while the uplink is
brought from the 1.5 GHz RF subcarrier back to baseband.

A. Principle of Operation of the O-SCM System

The key aspect to understand how the proposed O-SCM
system works is to recognize that the overlap is actually
between the up-converted uplink and the residual downlink
(and not the downlink). This implies that the RSOA must be
operated in saturation mode which is also necessary for the data
remodulation to take place. As the RSOA is further driven into
saturation, the downlink signal is efficiently erased and highly
suppressed allowing for a 100% overlap.
From a design perspective, it is important to carefully select

the % coupling ratio of the 1 2 ONU coupler to guarantee
that enough power goes to the downlink receiver while having
sufficient power to saturate the RSOA. There is no advantage
to having the downlink power exceed the required sensitivity.
On the other hand, it is desirable that the RSOA input power be
higher than its input saturation power for more efficient data era-
sure and remodulation. However, driving the RSOA more into
saturation would cause the RSOA gain to drop to zero and the
output power to saturate, thus affecting the performance of the
uplink. Taking the above factors into consideration, there ex-
ists an optimum % that maximizes the power budget by mini-
mizing the required OLT launch power for error-free operation.
The other important design parameter would be the selection of
the ER for both downlink and uplink, as previously discussed.

B. Performance Limitations of the O-SCM System

For a certain bit rate, the performance of the O-SCM tech-
nique is bounded by the percentage of overlap from one side
and the modulation bandwidth of the RSOA from the other side.
Decreasing the subcarrier frequency from twice the bit rate
(zero overlap) to exactly the bit rate (full overlap), induces more
crosstalk between the up-converted uplink and the residual

downlink. The RF mixers further degrade the performance as
they have a tendency to cut lower frequencies in their pass
bands. Whereas, moving to higher subcarrier frequencies, the
performance is primarily limited by the modulation bandwidth
of the RSOA. It is clear that there exists an optimum operating
point that trades off the amount of overlap versus the modu-
lation bandwidth of the RSOA. In Section IV, we introduce
a mathematical model that is used for system analysis and
optimization.
At high bit rates compared to the RSOA bandwidth, it is much

easier to allow a 100% overlap than going to higher subcar-
rier frequencies. This can be achieved by deeply saturating the
RSOA (if the power budget permits) so that the downlink is
highly erased, or by decreasing/increasing the ER of the down-
link/uplink. In addition, FEC or DSP techniques can be used to
increase the link margin [22]–[24].
Our solution appears to be attractive for network operators,

as it exploits the existing PON infrastructure while employing
low-cost optics and mature WDM technology, combined with
inexpensive electronics to achieve SCM and possibly DSP for
higher bit rates. For field deployments, athermal AWGs, polar-
ization independent EMLs and RSOAs are commercially avail-
able at very competitive pricing, making our solution a poten-
tially cost-effective upgrade for existing PONs.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental setup for the O-SCMWDM PON is shown
in Fig. 1. In our demonstrations, we focus on the 100% O-SCM
technique where , due to its potential for higher sym-
metrical bit rates compared to conventional SCM. Two possible
OLT transmitter configurations are considered for the experi-
ment. The first consists of a distributed feedback (DFB) laser
that is externally modulated, and serves only as a reference
transmitter to demonstrate the proof of concept. A polarization
controller (PC) is inserted after the DFB to control the input
polarization to a Mach-Zehnder modulator (MZM). The laser
output power was set to 8 dBm, and the wavelength was tuned
to 1550.08 nm. Whereas, the bias of the MZM was adjusted so
that the dB.
The second configuration for the OLT transmitter is a more

practical one that employs a polarization independent EML. The
laser driving current was set to 50 mA (corresponding to 4 dBm
of laser output power), and the temperature to 22.5 C to tune its
wavelength to 1549.36 nm (a different AWG was used in that
experiment). The EMLwas driven with a pseudo random binary
sequence (PRBS) data with a 1 V peak-to-peak voltage and a

mV offset so that the downlink ER was kept at 2.4 dB.
Note that for both transmitters, the ER has been optimized to
facilitate data erasure and to guarantee reliable downlink trans-
mission at the same time [19]. Under these conditions, the EML
output power was 2.8 dBm. Increasing the laser current up to
100mA, the OLT launch power (measured at the output of port 2
of the circulator) can reach 6.5 dBm. According to next genera-
tion PON standards, the OLT launch power may exceed 10 dBm
and an erbium-doped fiber amplifier (EDFA) is recommended to
be used with the EML [21].
For a cost-effective implementation, it is more desirable to

have low-cost EMLs with a shared EDFA at the OLT, rather
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than having standalone high-power transmitters without any ex-
ternal amplification. In a practical situation, the EDFA may also
be used to compensate for the insertion losses of the AWG that
will combine the EML transmitters, and to provide more link
margin. In our experiment, an EDFA and a variable optical at-
tenuator (VOA) were used to control the launched power for the
bit error rate (BER) measurements.
At the ONU side, an RSOA (SOA-RL-OEC-1550 from CIP)

with a GHz modulation bandwidth was directly modulated
with an up-converted PRBS using 100% O-SCM where
. An electrical RF amplifier and a bias-T were used to drive

the RSOA (3.35 V DC with a 4 V peak-to-peak PRBS) so that
the ER is significantly higher than 2.5 dB to enable data remod-
ulation. Throughout the experiment, a baseband non-return-to-
zero (NRZ) PRBS and an up-converted NRZ
PRBS were used for downlink and uplink traffics, respectively.
The same PD, RF amplifier and LPF (933 MHz for 1.5 Gb/s

operation and 1.775 GHz for 2.5 Gb/s) were used at both ONU
and OLT receivers. Different sets of RF mixers were used to test
the system performance at different bit rates. The Mini-Circuits
Inc. ZX05-C42 MH and the Marki Microwave Inc. M10208MP
frequency mixers were used for the 1.5 Gb/s and 2.5 Gb/s oper-
ations, respectively. The electrical RF amplifier at the receiver
is identical to the one used to drive the RSOA (for the measure-
ments with EML). For the optical distribution network (ODN),
standard single mode fiber (SMF-28e ) 20.35 km feeder, 1.5
km distribution drop fiber (DDF), and a 100 GHz AWG were
used.

A. Experimental Proof of Concept

The feasibility of our proposed O-SCM system was first
studied with the aforementioned proof of concept transmitter
at a symmetrical bit rate of 1.5 Gb/s using a 1.5 GHz RF
subcarrier for SCM. For instance, a non-optimal 90/10 coupler
was used at the ONU side as in [16]. This preliminary selection
was mainly biased towards favoring the uplink performance
which is more difficult to design.
The BER performance versus the OLT launch power is shown

in Fig. 3, for a reference back-to-back configuration as well as
over a 20 km reach PON with 20.35 km feeder and 1.5 km
DDF. Error-free operation is achieved for
both downlink and uplink with O-SCM, despite a dB penalty
from the back-to-back configuration to the 20 km feeder case.
The penalty is mainly due to chromatic dispersion and some
residual Rayleigh backscattering (which is due to the frequency
overlap compared to traditional SCM) and back-reflections. The
performance of the uplink without any SCM techniques is also
measured for sake of comparison; the BER is highly degraded
by Rayleigh backscattering and error-free operation cannot be
achieved over the 20 km reach PON. An illustrative inset of
the PSD for both the uplink and the residual downlink shows
that the actual upstream spectrum covers up to 3 GHz, which
is higher than the modulation bandwidth of the RSOA. How-
ever, a big portion of the energy contents of the uplink are still
within the modulation bandwidth of the RSOA (compared to
conventional SCM), and therefore error-free operation can be
achieved. In that case, the 100% overlap helped accommodate

Fig. 3. Performance at 1.5 Gb/s using a at the OLT transmitter
and a 90/10 coupler at the ONU side (back-to-back: 0 km fiber between OLT
and ONU, 20 km reach: 20.35 km feeder km DDF).

part of the up-converted uplink within the modulation band-
width of the RSOA. This overlap was enabled by the saturated
RSOA that highly suppressed the downlink signal as explained
in Fig. 2. Eye diagramsmeasured at 5 dBm ofOLT launch power
are also illustrated as insets of Fig. 3, where error-free operation
is achieved for both directions. From the other side, we expect
performance degradation when conventional SCM is used, be-
cause in that case the up-converted uplink will extend from 1.5
to 4.5 GHz assuming no guard band. This was already demon-
strated at 1 Gb/s in [16], where we concluded that for higher bit
rates the O-SCM technique will definitely outperform conven-
tional SCM.
The 8 dB difference in the required launch power (for error-

free operation) between the uplink and downlink is due to the
use of the 90/10 coupler. In [16], we have shown through power
budget calculations that the optimum would be to use a 70/30
coupler so that only dBm of OLT launch power is needed
for uplink/downlink error-free operation. Note that FEC codes
with a BER threshold of can provide additional gain (see
Fig. 3) for the power budget.

B. Performance of the Proposed WDM PON With O-SCM

Recall that for cost effectiveness a polarization independent
EML transmitter is used at the OLT instead of the DFB and
MZM configuration. Throughout the rest of the paper we only
consider the 20 km PON reach configuration. In Fig. 4, we show
the BER performance for an EML transmitter at 1.5 and 2.5
Gb/s symmetrical bit rates. A 90/10 ONU coupler is still used
to compare with previous measurements. At 1.5 Gb/s, we notice
an expected performance degradation (1.5 and 4.5 dB penalties
for downlink and uplink, respectively) compared to the DFB
and MZM configuration. This is due to the inherent chirp of
the EML compared to the DFB, and to other slight variations
within the experimental setup as explained before. Despite these
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Fig. 4. BER performance (20 km PON reach) using an EML transmitter at the
OLT and a 90/10 coupler at the ONU side.

penalties, error-free operation is still achievable at 1.5 Gb/s with
reasonable OLT power levels. At 2.5 Gb/s, an additional power
penalty exists for both downlink and uplink, mainly due to the
dispersion and RSOA limitations. Error-free performance can
still be achieved for both traffics with an error floor below a BER
of for the uplink. That floor indicates that the RSOA is
highly saturated and cannot provide more gain to improve the
uplink signal.
The result of the ONU coupler optimization is shown in Fig. 5

in terms of the downlink/uplink receiver sensitivity and the cor-
responding OLT launch power for a BER of and .
General trends of the curves can be noticed; as the percentage of
power going to the RSOA is increased, less OLT launch power
is needed to achieve the required BER for the uplink, whereas
more power is needed for the downlink. Almost the same RSOA
input power was measured regardless of the ONU coupler (
dBm RSOA input power for a and dBm
for a ). Having the same RSOA input power (also
the same gain) but different coupling losses explains the de-
pendency of the uplink receiver sensitivity on the ONU coupler
ratio. The optimum coupler which minimizes the required OLT
launch power was found to be around 70/30 (see the labeled
working zone). Note that error-free operation
cannot be achieved for the uplink with the 60/40 coupler, where
a BER floor around appears. At 2.5 Gb/s the O-SCM up-
link (covering from 0 to 5 GHz) is highly affected by the mod-
ulation response of the RSOA. The uplink modulation depth is
reduced and therefore more power is needed from the OLT to
further saturate the RSOA to be able to hide the downlink mod-
ulation within that of the uplink.
The system BER performance at 2.5 Gb/s using the EML and

the optimum 70/30 ONU coupler is illustrated in Fig. 6. Error-
free operation is achieved for both downlink and uplink without
the use of dispersion compensation and without the need for
FEC or DSP. The OLT launch power required to achieve such
performance would be 9 dBm, and falls within the specifica-
tions of next generation PONs [21]. Note that in terms of re-
ceived power; at lower BER levels the performance of the up-
link becomes better than that of the downlink. This is due to

Fig. 5. Sensitivity and OLT launch power versus the ONU coupler ratio for
different BER levels (left: , right: ), considering
an EML at the OLT transmitter and a 2.5 Gb/s symmetrical bit rate with 100%
O-SCM over a 20 km PON.

Fig. 6. BER performance at 2.5 Gb/s symmetrical bit rate over the 20 km PON
(using an EML at the OLT transmitter and an optimum 70/30 ONU coupler).

the fact that the uplink received power is controlled by the gain
characteristics of the RSOA, whereas for the downstream, the
received power is directly proportional to the OLT launched
power. This will be explained in details in the next subsec-
tion. As per next generation 10G-PON standards [21], a manda-
tory Reed-SolomonRS(255,223) FECwith FEC threshold
would provide 6 dB of coding gain in terms of reducing the
launched power to 3 dBm. Such coding gain is translated to
a more relaxed power budget, so that more users can be sup-
ported on a TDMA basis and/or the PON reach may be ex-
tended. Electrical eye diagrams for both uplink and downlink
directions (measured at BER) are also shown as insets of
the same figure.

C. Power Budget Analysis and Constraints

The power budget is an important design parameter and is
mainly determined from the PON physical architecture. It al-
lows FTTH operators and providers to select the appropriate
ONU and OLT transceivers for their PON, and therefore, to de-
termine the maximum PON capacity and/or reach. In our pro-
posed WDM PON with O-SCM shown in Fig. 1, the design of
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the uplink is more challenging than the downlink as it experi-
ences twice the ODN losses and is further affected by the gain
characteristics of the RSOA.
Starting with the downlink power budget; the downlink re-

ceived power can be expressed as a function of the OLT launch
power as follows:

% (1)

where is the total losses within the ODN and

% is the coupling ratio to the ONU receiver.
The ODN losses include the feeder losses , the AWG
insertion losses and the DDF losses , and is given
by

(2)

For the uplink direction, the RSOA is initially seeded with
% of the downlink signal as follows;

%

Note that the RSOA input power (seed light) depends linearly
on the OLT launch power. Therefore, the RSOA gain is
also a function of the OLT launch power. Assuming that the in-
sertion losses of the OLT circulator and BPF are
and , respectively, the uplink received power can be ex-
pressed by the following equation:

%

(3)

where % is the coupling loss of the ONU coupler to the
RSOA-based colorless transmitter.
From Fig. 6, the relation between the received power and

the OLT launch power can be directly extracted. It can be seen
that for the downlink, the relation is linear as confirmed by (1),
whereas for the uplink it is shaped by the gain of the RSOA as
described by (3).
For the proposed O-SCM to work properly and in order to

minimize the OLT transmitted power the following two inequal-
ities should be satisfied:

(4)

Here and denote the receiver sensitivities for down-
link and uplink, respectively. The optimum % can be found by
substituting (1) and (3) in (4), subject to the following RSOA
gain saturation constraint;

% (5)

where is the RSOA input saturation power.

Fig. 7. Downlink and uplink sensitivity contours for a symmetrical 2.5 Gb/s
O-SCM WDM PON: the working zone is bounded by another contour for the
RSOA input saturation power (each downlink/uplink contour is labeled by its
sensitivity value in dBm).

Fig. 8. Measured RSOA gain versus input power for the SOA-RL-OEC-1550
at 50 mA (corresponding to a 3.35 V) bias.

In Fig. 7, we have simulated the sensitivity contours of both
downlink and uplink using (1) and (3), respectively. Simply,
the contours of the received powers and
were calculated and plotted as a function of the required OLT
launch power versus the ONU coupler ratio. The parameters
we used for the simulation were extracted from the experiment
and are listed in Table I. Moreover, the RSOA gain versus
input power was experimentally characterized and used for the
analysis. Fig. 8 shows the measured gain characteristics for the
SOA-RL-OEC-1550 when biased with 50 mA (corresponding
to the 3.35 V DC bias used in the experiment). The RSOA input
saturation power (measured at the point where the gain drops
by 3 dB) was found to be dBm and was used through
(5) to draw the contour separating the working zone from the
forbidden zone in Fig. 7 corresponding to the same zones in
Fig. 8.
General trends in Fig. 7 can be noticed and are similar to the

ones in Fig. 5. The downlink contours are uniformly spaced,
whereas the uplink contours do not follow the same trend; this
can be confirmed by (1) and (3). As expected, higher OLT
launch powers are required for higher sensitivity (received
power) levels. Note that the same contours can be mapped to
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TABLE I
EXPERIMENTAL PARAMETERS FOR THE POWER BUDGET ANALYSIS

optical signal-to-noise ratio (OSNR) or BER values instead of
the required sensitivities.
These simulated contours in Fig. 7 serve as a design tool for

the proposed O-SCM WDM PON. Knowing a target BER or
OSNR, i.e., a sensitivity for both uplink and downlink, the op-
timum ONU coupler that minimizes the required OLT trans-
mitted power is simply the intersection of both contours within
the working zone. For validation purpose, we plot the contours
of dBm and dBm (dashed
lines in Fig. 7), which are extracted from our experimental re-
sults in Fig. 6. The simulation confirms our experimental find-
ings that the optimum coupler would be a 70/30 coupler while
having dBm of transmitted power (9 dBm through mea-
surements). In a real situation, this 1.5 dB difference in OLT
power is normally tolerated through an extra design link margin
(typically dB) that accounts for implementation losses and
other impairments.

IV. MATHEMATICAL MODEL AND DESIGN GUIDELINES

In this section we address some design guidelines other than
the power budget previously discussed. We develop a design
tool to evaluate the performance of the proposed O-SCM system
through a simple mathematical model based on a linear time in-
variant (LTI) system approach. Further, the optimum amount of
overlap that can be tolerated at a certain bit rate (for a given
hardware) is predicted using a mean squared error (MSE) cri-
teria. For the purpose of this study, the model considers only
the major limiting components, namely, the RSOA and the RF
mixers. The other components are carefully chosen so that their
impairments are marginal to the O-SCM system, and therefore,
their effect is simply neglected. For example, the bandwidth of
the receiver PD and RF amplifiers used in our 2.5 Gb/s exper-
iment (see Fig. 1) were 10 GHz, and thus were considered to
have a flat response over the operating frequency range. The
O-SCM system limitations were already discussed qualitatively
in Section II. It was found that the O-SCM performance is lim-
ited by the RSOA from one side and by the overlap and RF
mixers from the other side. In this section we mathematically
confirm the same using numerical simulations.
Before we go through the mathematical derivations, it is

important to note that in a conventional SCM system with no
overlap, RF mixers are simply modeled by ideal frequency
multipliers. No filtering is considered in that case, because the

electrical signals are always accommodated within the mixers
intermediate frequency (IF) and RF stages. On the other hand,
in an O-SCM system, the baseband and RF signals exhibit
filtering at both the IF and RF stages of the mixer. Therefore,
these filtering effects cannot be neglected, and hence are con-
sidered in our model.

A. Mathematical Model of the Proposed O-SCM System

The mathematical representation of the proposed O-SCM
WDM PON is shown in Fig. 9. Frequency domain notations are
used throughout the derivations. Uplink and downlink signals
are expressed by their Fourier transform and each block in
Fig. 9 is denoted by its transfer function. The OLT received
signal is composed of two main components: the
desired uplink received signal , and a downlink
interfering signal related to the downlink noise due
to both the residual downlink and the Rayleigh backscattering
and back-reflections (from the downlink signal itself). Using
the superposition theorem, can thus be expressed
as follows:

(6)

where

(7)

and

(8)

Here is the transmitted uplink signal and
is a noise term that accounts for the com-

bined effect of the residual downlink, and the downlink
Rayleigh backscattering and back-reflections. and

denote the transfer function of both ONU and OLT,
respectively. At the ONU side, includes the O-SCM
up-conversion and the RSOA transfer functions, whereas

considers down-conversion and low-pass filtering at
the OLT side.
Starting from the ONU side, the uplink baseband message

is first low-pass filtered by the IF stage of the mixer.
The resultant signal is then mixed with a local oscillator and
up-converted to an RF subcarrier frequency (the multipli-
cation with the local oscillator is translated to a frequency shift
in frequency domain). Before the signal exits the mixer, it is
band-pass filtered by the RF stage of that mixer. The
up-converted electrical signal then drives the RSOA. The DC
component needed to bias the RSOA (through the bias-T in
Fig. 1) is neglected in this analysis. Such DC component does
not impact the results as it is simply filtered out by the AC-cou-
pled components at the OLT receiver. At the output of the RSOA
the signal is the sum of an up-converted uplink signal filtered
by the RSOAmodulation response , and the residual
downlink (which is not erased by the RSOA).
At the OLT side, the signal is down-converted. At the input

of the mixer, the RF stage filters the incoming signal before
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Fig. 9. Mathematical model representation of the proposed overlapped-SCM WDM PONs with colorless RSOA-based ONUs ( is a phase shift between the
local oscillators at the OLT and ONU).

down-conversion and low-pass filtering by the IF stage. An ad-
ditional low-pass filter is used at the output to remove
out-of-band noise. Thus, (7) and (8) result in (9) and (10), re-
spectively, through simple manipulations. We have neglected
high frequency terms around as they are simply filtered
out by the LPF when (band of interest for SCM and
O-SCM). The impact of the negative frequency-shifted terms in
(9) and (10) becomes important for smaller values of . At a
subcarrier frequency around the bit rate for a % O-SCM
system, the tails of these negative frequency-shifted spectra im-
pacts positive frequencies (spectra), and thus the system perfor-
mance. In other words, the composite filter (which is the sum of
negative and positive frequency-shifted terms) determines the
system performance. Note that the uplink signal is filtered twice
by the IF stage of the mixers and once by the LPF at the OLT as
per (9), whereas the RSOA and the RF stage of the mixers af-
fect the up-converted uplink signal. In other words, and

impact the signal at frequencies up to , whereas
and affect the up-converted uplink around

(9)

(10)

Under normal operating conditions where the RSOA is
highly saturated, the residual downlink is too small so that

can be neglected, when compared to .
In our experiment we have measured a 20 dB suppression of the
downlink noise compared to the desired uplink
signal . We have used that value for the simulation
in Fig. 10 to account for the real noise coming from the residual
downlink and the Rayleigh backscattering. From (10) we note
that even if the downlink noise is not highly suppressed the
O-SCM down-conversion circuitry will up-convert it after
being filtered by so that will not highly
interfere with the useful uplink at the receiver side.
The IF stage of the mixer and the LPF will further suppress the
downlink noise so that we can always neglect with
respect to .

Fig. 10. Optimum subcarrier frequency versus the operating bit rate for the
proposed O-SCM system.

B. Optimum Performance and Design Guidelines

Recall that at a certain bit rate , the optimum performance
is achieved with a certain amount of overlap that corresponds to
an optimum . That optimum is calculated numerically by sub-
stituting (9) and (10) in (6) and then comparing to

. The MSE is then calculated for the different
values. Finally the optimum at a given bit rate is selected
according to the minimum MSE.
The results of the numerical simulation demonstrating the op-

timum subcarrier frequency versus the bit rate for the proposed
O-SCM system are plotted in Fig. 10. The transfer functions
of the different building blocks of Fig. 9 were mainly extracted
from data sheets. The normalized transfer functions

, and are shown as insets of Fig. 10.
Without loss of generality ideal NRZ signals were assumed for
both uplink and residual downlink. Perfect synchronization be-
tween the ONU and OLT local oscillators was also assumed,
so that was set to zero in (9) and (10). This can simply be
achieved using inexpensive electronics at the receiver side to in-
stantaneously track any phase variations within the uplink signal
as in [25].
Three operation regions are observed by looking vertically

at Fig. 10 from right to left: an under-modulation region where
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, another region for the O-SCM operation bounded
by , and finally a region for the conventional
SCM where . Note that the under-modulation region
is an undesirable mode of operation because of the distortions
associated to , and therefore, is out of the scope of this
study. Now if we look horizontally at the same figure, we note
two regions separated by the curve for the optimum subcarrier
frequency versus bit rate. The performance of the system in the
region above that curve is always limited by the RSOAmodula-
tion response and the RF stage of the mixers, whereas only the
RF stage of the mixers limits the performance below that curve.
As expected, the optimum subcarrier frequency increases as

the bit rate is increased until it reaches saturation due to hard-
ware limitations. At relatively low bit rates such as
Gb/s, the optimum performance is achieved using conventional
SCM. At these bit rates, guard bands which are desirable can
still exist while being accommodated within the bandwidth of
both RSOA and RF mixers. From the other side where

Gb/s, the system would tend to operate in the undesirable
under-modulation region as noticed from the trend of the curve.
Here, the degradation caused by the under-modulation can still
be tolerated compared to the degradation that would occur at
higher subcarrier frequencies (i.e., the O-SCM and conventional
SCM regions). However, error-free operation
will not be guaranteed in such region of operation. As the bit rate
is further increased, the RF subcarrier frequency will be limited
by the bandwidth of the RSOA and the RF stage of the mixers,
implying the use of different hardware.
The proposed O-SCM system achieves the optimum perfor-

mance for Gb/s. The maximum bit rate here
corresponds to the 100% O-SCM and represents a 2.25 fold in-
crease in bit rate than that achieved using traditional SCM tech-
niques. In the 2.5 Gb/s WDM PON experiment, the optimum
would be GHz, as per Fig. 10. This value is very
close to the 100% O-SCM operating point ( GHz)
shown in the same figure. For convenience, an inset shows the
spectra of the transmitted uplink and the received OLT signal at
the operating point used for our experiment. At 2.5 Gb/s we al-
ready achieved a as per Fig. 6, implying that the
optimum operating points simulated in Fig. 10 will guarantee
a similar if not a better BER performance. The simulation re-
sults presented here are considered an example calculation that
supports our experiment and measurements; they can be easily
reproduced with other system parameters, to be used for proper
SCM and O-SCM system design.

V. SUMMARY AND CONCLUSION

We presented an innovative solution for next generation
WDM PONs based on an overlapped-SCM technique that
exploits the modulation bandwidth of commercial RSOAs to
its maximum compared to conventional SCM techniques. The
experimental verification and the mathematical model of the
proposed O-SCM system were reported. We have shown good
agreement between the developed model and the experimental
demonstration. Moreover, we addressed the major design
guidelines for a successful O-SCM WDM PON system.
From an experimental perspective, we demonstrated a sym-

metric 2.5 Gb/s system using OOK direct modulation of inex-

pensive EMLs and RSOAs at the OLT and ONUs, respectively
(a reference 1.5 Gb/s demonstration was also considered for
proof-of-concept and sake of comparison with previous work).
Error-free operation was achieved over a km PON with
100% O-SCM, without dispersion compensation, and without
the need for FEC codes or DSP. The OLT launched power was
optimized through the design of the ONU to maximize the PON
link margin.
From a theoretical perspective, a mathematical model for

the O-SCM WDM PON system was developed based on a LTI
system approach. Further, we derived design equations that
can be solved numerically to optimize the system parameters.
Throughout the simulations we confirmed our experimental
findings. We also provided baselines for maximizing the PON
budget while optimizing the system performance through the
proper design of the ONU, and the selection of the optimum
RF subcarrier frequency. More importantly, we showed that
with the O-SCM technique the bit rates can be more than dou-
bled compared to conventional SCM while assuming similar
hardware for the two systems.
The proposed O-SCM technique was shown to be practical

and attractive for network operators as it employs mature and
inexpensive technology over the existing single-feeder PON in-
frastructure. This was mainly attributed to the use of inexpen-
sive optics and electronics instead of using only expensive op-
toelectronic devices. We also suggested the use of FEC codes
and DSP techniques (at higher bit rates) to further improve the
system performance while maintaining a low implementation
cost.
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