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Abstract—To circumvent the challenging issue of Rayleigh
noise reduction in wavelength-division-multiplexed passive optical
network (WDM-PON), we provide an insight into the source
of Rayleigh noise, and confirm that the suppression of carrier
Rayleigh backscattering (RB) should be the primary target in
the design of Rayleigh noise-resilient upstream receiver module
for a transmission reach up to 60 km. Then we propose and
demonstrate a novel scheme to effectively suppress the carrier
RB in carrier-distributed WDM-PONs. By simply replacing the
upstream modulation format of conventional on-off keying (OOK)
with differential phase-shift keying (DPSK), the system tolerance
to carrier RB is substantially enhanced by 19 dB, as the carrier RB
can be considerably rejected by the notch filter-like destructive
port of the delay-interferometer (DI) at the optical line terminal
(OLT), which is used simultaneously to demodulate the upstream
DPSK signal. The dependence of carrier RB suppression on
DDI’s extinction ratio (ER) and optical carrier’s line width is also
theoretically analyzed. Experimental demonstration of 10-Gb/s
upstream signal is achieved with less than 2.5-dB power penalty
induced by Rayleigh noise after the transmission in 60-km single
mode fiber, without using any amplifier in outside plant. The
relation between system margin and the gain of optical network
unit (ONU) is also studied.

Index Terms—differential phase-shift keying (DPSK), optical ac-
cess network, Rayleigh backscattering (RB), wavelength-division-
multiplexed passive optical network (WDM-PON).

I. INTRODUCTION

ORESEEING the rapidly growing demand for multi-

media services and the trend of service convergence,
the wavelength-division-multiplexed passive optical network
(WDM-PON) is a promising technology to provide next-gener-
ation broadband access that requires large dedicated symmetric
bandwidth and upgrade flexibility [1]. The colorless optical
network unit (ONU) is essential for low-cost implementation
of WDM-PON, as it can move the function of wavelength
provisioning, monitoring and stabilization from individual
ONUs to the common central office. Furthermore, colorless
ONUs can greatly facilitate mass production and the opera-
tion, administration, and maintenance (OA&M) functions, as

Manuscript received May 30, 201 1; revised September 25, 2011, October 21,
2011; accepted October 21, 2011. Date of publication October 28, 2011; date of
current version December 02, 201 1. This work was supported in part by research
grants from Hong Kong Research Grants Council (Project No: 410908).

The authors are with the Department of Information Engineering, The Chi-
nese University of Hong Kong, Shatin, N. T., Hong Kong SAR, China (e-mail:
xj007 @ie.cuhk.edu.hk; mingli @ie.cuhk.edu.hk; Ikchen @ie.cuhk.edu.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2011.2173904

identical modules are used by all ONUs. Centralized carrier
distribution is a promising approach to realize broadband
(10 Gbit/s or above) colorless ONU, in which the upstream
optical carriers are remotely distributed from the optical line
terminal (OLT) to each ONU [2], [3]. In the carrier-distributed
architecture, however, the upstream signal is susceptible to the
interferometric crosstalk induced by the beating between the
upstream signal and the Rayleigh backscattering (RB) of the
distributed optical carrier, both of which are of the same wave-
length [4]. Intensive studies have been carried out to mitigate
this interferometric crosstalk. They are well summarized in
[5] and [6]. Reducing the light source coherence is the most
straightforward approach to reduce the impact of interference
[71, [8]. However, this scheme is vulnerable to dispersion.
After detection the beating noise mainly distributes at the low
frequency region, and thus can be suppressed by an electrical
high-pass filter (HPF) [9]-[11]. These schemes require only
minor modifications to the PON structure. However, proper line
coding [9], [10], or electrical equalization [11], is needed to
alleviate the HPF-induced distortion to the upstream signal. In
addition, the reported improvement in Rayleigh noise tolerance
is limited to 5 dB [9], [11]. Although in [10] the improvement
in Rayleigh noise tolerance can be more than 10 dB, the signal
extinction ratio (ER) has to be lower than 6 dB. Besides these
electrical-domain approaches, the Rayleigh noise can also be
circumvented directly in optical domain, which turns out to be
more effective [12]-[17]. The carrier RB light towards the OLT,
with a narrow spectrum, can be effectively suppressed by an
optical notch filter. However, Rayleigh noise is an in-band noise
with heavy spectral overlap with the upstream signal, imposing
significant challenges in directly filtering out the Rayleigh
noise without impairing the upstream signal itself. Thus, to
mitigate the impairment to the upstream signal induced by the
optical notch filter, several approaches have been proposed to
spectrally up-shift the upstream signal, using additional phase
modulation [12]-[14], sub-carrier multiplexing (SCM) [15],
or carrier suppressed subcarrier amplitude modulated phase
modulation [16]. Although reported as very effective (the
improvement in Rayleigh noise tolerance can be 17 dB [16]),
these approaches are constrained by poor dispersion tolerance
[12]-[15], requiring additional external modulators at ONU
[13], [14], and complicated de/modulation circuits [16]. These
constraints actually originate from the spectral up-shifting of
the upstream signal.

Recently, we proposed a simple scheme, via in-band optical
filtering, to reduce RB in the carrier-distributed WDM-PON
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[18]. By replacing the conventional on-off keying (OOK) mod-
ulation format in upstream with differential phase-shift keying
(DPSK), the upstream signal is able to pass through an optical
notch filter, which is used to reduce the RB light, without any
impairment. At any rate an optical notch filter, such as the
destructive port of a delay-interferometer (DI), is required to
demodulate the upstream DPSK signal. As no deliberate spec-
tral up-shifting is required in this scheme, neither additional
modulator nor complicated modulation/demodulation circuit is
needed at ONU/OLT. In terms of the optical notch filter used
to reduce the RB light, the standard DI used in the proposed
scheme is also more favorable than the non-standard filters
that are either specially designed ultra-narrow notch filters or
wavelength-detuned arrayed waveguide gratings (AWG) used
in the prior schemes [13], [14], [16]. In this paper, we further
investigate different issues for the Rayleigh noise reduction
in carrier-distributed WDM-PON, with emphasis on building
a comprehensive theoretical model to guide system design. It
is widely reported that both types of RB (the carrier RB and
the signal RB) induce crosstalk to the upstream signal [14],
[16], [19], [20]. Increasing the ONU gain will increase the
signal-to-carrier RB ratio, but will decrease the signal-to-signal
RB ratio [19]. For this reason, both types of RB need to be
considered in optimizing ONU gain if no measure is taken to
suppress the Rayleigh noise entering upstream receivers. In
this paper, we characterize the different weights of two types
of RB in a WDM-PON with Rayleigh noise-reduced upstream
receivers. It is found that the carrier RB is dominant within a
reach up to 60 km; thus effective suppression of carrier RB is
essential in the design of Rayleigh noise-immune upstream re-
ceivers. We then experimentally demonstrate that the proposed
scheme can substantially improve the system tolerance to car-
rier RB by 19 dB. We also theoretically study the dependence
of carrier RB suppression on DI’s ER and optical carrier’s line
width. Experimental demonstration of 10-Gb/s upstream signal
over 60-km standard single mode fiber (SMF) is achieved with
less than 2.5-dB power penalty induced by Rayleigh noise,
thanks to the effective suppression of the dominant carrier RB.
We also investigate the relation between system margin and
ONU gain, based on which the maximum system reach can be
predicted.

The paper is organized as follows. In Section II, we discuss
the proposed system architecture and analyze the different roles
played by two types of RB in impairing the upstream signal.
Section III reports the effectiveness of the proposed scheme
on RB reduction, followed by a transmission demonstration.
The dependence of the proposed scheme on DI's ER and op-
tical carrier’s line width is also theoretically studied. The rela-
tion between system margin and ONU gain is investigated in
Section IV. Finally, conclusion is given in Section V.

II. PROPOSED SYSTEM ARCHITECTURE AND THE SOURCE OF
RAYLEIGH NOISE
A. System Architecture

Fig. 1 shows the proposed loopback architecture of a
WDM-PON. As the downstream and upstream signals are
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Fig. 1. Proposed loopback architecture using DPSK as the upstream modula-
tion format to suppress Rayleigh noise. The downstream channels are omitted
here for simplicity. OA: optical amplifier, PM: phase modulator, DI: delay-in-
terferometer, DCM: dispersion compensation module, PIN: p-i-n receiver.

transmitted over different wavelength bands in the carrier-dis-
tributed WDM-PON, RB from the upstream signal will not
interfere with the downstream signal, and vice versa. Thus, the
downstream channels are omitted in Fig. 1 for simplicity. The
multi-wavelength optical carriers for upstream transmission
are generated by continuous-wave (CW) lasers at the OLT as
centralized light sources (CLS), and then multiplexed by an
AWG. After the transmission in a feeder fiber with a length of
L, the optical carriers are wavelength routed toward different
ONUs, by another AWG at the remote node (RN). The length
of the distribution fiber (between RN and ONU) is L,. At ONU,
the CW light is first amplified and then modulated by an optical
phase modulator (PM), driven by differentially pre-coded
upstream data, before being sent back to the OLT. Due to DI's
periodic frequency response, all the upstream DPSK channels
could be simultaneously demodulated by a common DI at the
OLT [21]. Athermal DIs, with C+L band coverage by a single
device, are commercially available. As both the CLS and the DI
are located at CO, their wavelength alignment could be readily
achieved by locking the CLS wavelength to the DI. Note that
only the destructive port of the DI can be used for upstream
DPSK demodulation and carrier RB suppression simultane-
ously [18], due to its notch filter-like frequency response. The
demodulated DPSK signals are pre-amplified before direct
detection. Proper dispersion compensation may be required
depending on the reach of WDM-PON.

B. The Source of Rayleigh Noise

Rayleigh crosstalk is induced by the beating between the up-
stream signal and the in-band RB noise towards the OLT. Two
types of RB exist: the carrier RB and the signal RB. The carrier
RB arises from the CW carrier delivered to the ONU, whereas
the signal RB is the back reflection of the upstream signal, which
is further amplified and modulated at ONU before transmitting
to the OLT, along with the upstream signal. By calculating the
power ratio between two types of RB, we can find out their dif-
ferent contributions in the upstream Rayleigh noise.

We first calculate the power of carrier RB at port 2 of the OLT
optical circulator. The signal RB is generated in both feeder and
distribution fiber. The mean intensity of the carrier RB gener-
ated in the feeder fiber is given by

Pcp1 = —- (1)
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where P¢ is the power of optical carrier incident to the feeder
fiber, and R; is the RB-induced return loss of the feeder fiber
that is given by [22], [23],

2

Ri=—F—75——
TS (1 — e 200Ln)

2
with S, a, being the recapture factor, and fiber attenuation co-
efficient in units of km 1, respectively. The values of S and «,
are set to be 0.0016 and 0.046, respectively, for the SMF used in
the experiment. At port 2 of the OLT optical circulator, the mean

intensity of the carrier RB generated in the distribution fiber is
given by
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where a1, a4, are the insertion loss of the feeder fiber and the
AWG at RN in linear scale, respectively, and Ry is the RB-
induced return loss of the distribution fiber. The insertion loss
of AWGs used in this paper is 4 dB, thus the value of a4 is 2.5.
Note that linear scale units are used for the parameters in all the
equations of this paper, unless specified otherwise. oy and R»
are given by
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Similarly, we can calculate the power of signal RB at port 2
of the OLT optical circulator. The mean intensity of the signal
RB generated in the feeder fiber is given by

Pc 1 1 1
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with as and Gony being the insertion loss of the distribution
fiber and the ONU gain, respectively. The ONU gain is defined
as the power ratio between the output and the input signals at
ONU. «as is further given by
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The mean intensity of the signal RB generated in the distri-
bution fiber is given by
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The power ratio between Pcp_1 and Pcp_s can be derived via
dividing (1) by (3) and similarly Psp_1/Psp_> can be derived
via dividing (6) by (8), as shown in Fig. 2. Note that Fig. 2
is independent of ONU gain and all types of RB powers are
calculated at port 2 of the OLT optical circulator. An interesting
point is that while the carrier RB generated in the feeder fiber is
dominant, signal RB generated in a short distribution fiber may
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Fig. 2. Pcu_1/Pci_» and Psg_1 / Psi_» for different feeder and distribution

fiber lengths. Two Psg_1/Psp_2 curves, for 50-km and 80-km feeder fibers
respectively, are overlapped.

be comparable with or even larger than that generated in a long
feeder fiber. As shown in Fig. 2, the signal RB generated in a
2-km distribution fiber can be even larger than that generated in
an 80-km feeder fiber.

From (1)—(8), the power ratio between the two types of RB at
port 2 of the OLT optical circulator can be derived as

Pcp _ Pep_1 + Pepe

Psg Psp1+ Pspo
B [(al ~aa)? Ry + Rl] caj-ad
Gonu - (a2 - @a)? - Ry + Ry

)
The required Gony can be further derived, from the power
budget equation, as

2
M - Prec - (01 - s - @2)” - acir
Pc

Gonu = (10)

with M, P, and ac;, being the system margin, the minimum
received upstream power needed to achieve BER = 1079, and
the insertion loss from port 2 to 3 of the circulator at OLT, re-
spectively. Note that the received upstream power is measured
at the input port of DI. A link margin of 6-8 dB is generally
used for future-proof fiber systems [24]. In this part, we use
an 8-dB margin in the analysis. For 10-Gb/s DPSK signal, the
back-to-back receiver sensitivity (BER = 107Y) is measured
to be around —32 dBm. If all the transmission impairments can
be eliminated at the upstream receiver module, we can substi-
tute this sensitivity value as P, into (10) to calculate the re-
quired ONU gain for different system reaches. The input power
to the feeder fiber is assumed to be P = 3 dBm. Then, by
substituting the calculated ONU gain to (9), we can further cal-
culate the power ratio between two types of RB for different
system reaches, with considering different length ratios between
the feeder and distribution fibers. As shown in Fig. 3, we can
observe that the carrier RB is more than 20-dB larger than the
signal RB, implying that carrier RB is the dominant noise en-
tering the upstream receiver module. In practical implementa-
tion, the transmission impairments may not be fully eliminated
at the upstream receiver module (i.e., there may be residual
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Fig. 3. Required ONU gain, and Pcg/Psg for different system reaches. The
minimum received upstream power needed to achieve BER = 1079 is set to
be —32 dBm for the dashed line, and —27 dBm for the solid line, respectively.

Rayleigh noise or dispersion.), thus we further calculate the re-
quired ONU gain and the power ratio between two types of
RB, with additional power penalty of 5 dB (i.e., Pec = —27
dBm) after transmission. The calculated results are also shown
in Fig. 3. Obviously, the carrier RB is still the dominant noise en-
tering the upstream receiver module in this scenario, even after
60-km transmission. Based on the aforementioned analysis, we
conclude that the suppression of carrier RB should be the main
consideration in the design of RB-reduced upstream receiver.

III. EFFECTIVENESS OF THE PROPOSED SCHEME ON RB
REDUCTION AND TRANSMISSION DEMONSTRATION

A. Effective Suppression for Carrier RB Only

We investigated the upstream power penalty as a function of
signal-to-crosstalk ratio (SCR) based on the experimental setup
in Fig. 4, which is similar to that employed in [14]. We first
used carrier RB as the crosstalk signal, as in Fig. 4(a). CW light
at 1553.5 nm with a line width of 100 kHz was generated from
a tunable laser diode (TLD) and was split into two paths by an
80/20 coupler. In the upper path, a PM was driven by a 10-Gb/s
231 — 1 pseudorandom binary sequence (PRBS) to generate the
DPSK signal. Following the PM, a variable optical attenuator
(VOA) was used to adjust the signal power to obtain different
SCR values. In the lower path, the crosstalk signal was the RB
light from a 50-km SMF, with a fixed power of —30 dBm mea-
sured after a polarization controller (PC). The PC was used to
maximize the beating noise. The DPSK signal and the crosstalk
signal were then combined by a 3-dB coupler and fed into the
proposed upstream receiver module, which consisted of a 94-ps
DI with a measured ER of 22 dB, an EDFA, a 100-GHz AWG
(3-dB bandwidth = 0.35 nm, insertion loss = 4 dB), and
a p-i-n receiver. The carrier RB with a very narrow spectrum
can be effectively rejected by the DI’s destructive port that is
also used as a DPSK demodulator, as illustrated in the inset of
Fig. 4(a). The measured crosstalk tolerance of the DPSK signal
is shown in Fig. 5. For comparison, the crosstalk tolerance of the
conventional OOK signal was also measured. In this case, the
PM was replaced by a Mach-Zehnder modulator (MZM) and the
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Fig. 5. Power penalty as a function of signal-to-crosstalk ratio (SCR). Insets:
measured spectra (resolution bandwidth = 0.06 nm) of signal (DPSK) RB
and carrier RB before and after DI.

DI was removed from the upstream receiver module. Compared
with the conventional scheme using OOK format, the carrier-RB
tolerance of the proposed scheme is substantially improved by
19 dB, as shown in Fig. 5.

Then signal RB was used as the crosstalk signal, as in
Fig. 4(b). In the lower path PM1 was used to generate the
signal RB, which was further combined with the optical carrier
in the upper path. The combined light was then modulated by
PM2, which was used to generate the upstream DPSK signal.
In the lower path the power of signal RB was fixed at —32 dBm
and different SCR values could be obtained by adjusting the
VOA in the upper path. Again, for comparison, the signal-RB
tolerance of the conventional OOK signal was also measured
by replacing PM1 and PM2 with two MZMs and removing
the DI from the upstream receiver module. The measurement
results are also shown in Fig. 5. We can find that the signal-RB
tolerance is not improved in the proposed scheme. The reason
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is that the signal RB has a wide spectrum after being modu-
lated twice and thus cannot be effectively suppressed by DI’s
destructive port, as illustrated in the inset of Fig. 4(b). We
also measured the spectra of the carrier RB and signal RB,
before and after the DI. As observed from the measured spectra
(resolution bandwidth = 0.06 nm) in the insets of Fig. 5, the
carrier RB is substantially suppressed by DI’s destructive port,
whereas the signal-RB only experiences little suppression.

Although the proposed scheme can only suppress the carrier
RB, it is sufficient to significantly improve the system’s toler-
ance to Rayleigh noise, due to the aforementioned fact that the
carrier RB is the dominant noise.

B. Transmission Demonstration

We then experimentally demonstrated the effectiveness of the
proposed loopback scheme based on the architecture shown in
Fig. 1. At the OLT, CW light at 1553.5 nm from a TLD with
a power of 3-dBm was fed into a span of 50-km SMF through
a circulator (from port 1 to port 2). An AWG (4-dB insertion
loss) with a channel spacing of 0.8 nm and a 3-dB bandwidth of
0.6 nm was used at the RN. After transmission through another
10-km SMF (the distribution fiber), the CW light with a power
of —13.5 dBm was fed into the ONU, which consisted of a cir-
culator, an EDFA and a PM. The PM was driven by a 10-Gb/s
231 _ 1 PRBS to generate the upstream DPSK signal, which
was looped back to the OLT through the ONU circulator. A
commercially available single-arm LiNbO3 PM was used in this
proof-of-concept experiment, but some polarization-insensitive
integrated PMs could be more desirable for practical applica-
tions [25], [26]. In addition, a semiconductor optical amplifier
could also be used as a PM [27]. The upstream receiver module
here was the same as in Fig. 4, except that a dispersion com-
pensation module (DCM, —666 ps/nm @ 1545 nm) is added
to compensate around 2/3 of the accumulated dispersion for the
upstream signal. The accumulated dispersion was not fully com-
pensated, as in practical implementation all the upstream chan-
nels cannot be simultaneously fully compensated by a common
DCM due to the length variation of distribution fibers.

The BER measurement results are shown in Fig. 6. Note that
the received optical power was measured before the input port of
DI, and the ONU gain was fixed at 11 dB for all BER measure-
ments. Compared with the back-to-back cases, around 4.5-dB
power penalty (BER = 10~?) is observed for the upstream
DPSK signal after 60-km transmission, due to the residual dis-
persion and the residual Rayleigh noise. To further investigate
the power penalty induced by the residual Rayleigh noise, the
BER curve after 60-km transmission in dual fibers is also shown
in Fig. 6. Comparing the single-fiber and dual-fiber curves, less
than 2.4-dB Rayleigh noise-induced power penalty is observed,
showing the effectiveness of the proposed scheme in Rayleigh
noise reduction. For this transmission experiment, the calculated
SCR levels are around 10.6 dB and 22.3 dB for the carrier RB
and signal RB, respectively. According to Fig. 5, power penal-
ties induced by carrier RB and signal RB should be ~0.7 dB
and ~4 dB, respectively, under these specific SCR levels. We
notice that the measured 2.4-dB Rayleigh noise-induced power
penalty is less than the predicted value by Fig. 5, due to the fact
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that in the transmission experiment the polarization planes of
the upstream signal and Rayleigh noise cannot be always co-
incided as in the back-to-back experiment to obtain the results
in Fig. 5. Rayleigh noise-induced power penalty will be fur-
ther decreased when the length of distribution fiber is reduced.
As shown in Fig. 6, Rayleigh noise-induced power penalty is
reduced to 1.2 dB, for the extreme case when the total trans-
mission link consists of only feeder fiber (L; = 60 km and
Loy =~ 0 km). In this case, the SCR level of the carrier RB is
still around 10.6 dB, whereas the SCR level of the signal RB is
increased from 22.3 dB to 28.5 dB.

We also compared the proposed scheme with that using con-
ventional OOK modulation in upstream. We replaced the PM
in Fig. 1 with a MZM, removed the DI from OLT, and main-
tained the same ONU gain. While an error floor above 10~ was
observed for the upstream OOK signal in the 20-km demon-
stration in [18], in this 60-km experiment (.1 = 50 km and
L2 = 10 km) the upstream OOK BER even could not be mea-
sured due to significant degradation by Rayleigh noise. In con-
trast to the wide-open eye diagram of the demodulated upstream
DPSK signal, a much degraded eye diagram of the upstream
OOK signal is also shown in the insets of Fig. 6.

C. The Effect of DI's ER and Optical Carrier’s Line Width

We have demonstrated that DI’s destructive port can effec-
tively suppress the carrier RB, due to its notch filter-like fre-
quency response. Here we will further study the dependence
of carrier RB suppression on DI’s ER and optical carrier’s line
width.

From self-homodyne theory [28], the output power from one
output port of DI can be expressed as:

Po:Pl+P2+2\/P1PQCOS(AT'UJ+(,00) (11)
where P; and P, are the powers delivered to an output port from
two arms of the DI, respectively, AT is the relative delay be-
tween two arms of the DI, w is the angular frequency of optical
carrier, and ¢ is the phase-setting constant of the DI. The rela-
tion between P;, P, and DI’s input power P; is determined by
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the coupling ratios of the two couplers in the DI and the inser-
tion loss of the two arms. From (11), we can rewrite the transfer
function of DI as:

for(w) = % = a + bcos(AT - w + ¢o) (12)

2
with ¢ and b being two undetermined coefficients at this mo-
ment. The constructive and destructive ports have different .
For the optical carrier with a certain frequency of wy, the transfer
function of the destructive port of DI can be expressed as:

fop(w) = a+beos(AT - w+ 7 — AT - wy) (13)

Let ERp; denote the extinction ratio of the DI, coefficients a
and b should fulfill the following conditions (14) and (15):

0<a+b<l, (14)
b

L (15)
a—>b

The power spectral density (PSD) of carrier RB can be ex-
pressed as [22],

Sp(w) =~ (I;,)2 (27r6(w —wp) + A2 +2(Aww_ wo)z)

(16)

where (I;)? is the mean backscattered intensity determined by
the property of the fiber for a given input signal to the fiber,
Auw denotes the full width at half-maximum of the Lorentzian
shaped laser spectrum.

The average reflection power P, is:

+oo
P. = / Sp(w)dw (17

— 00

After passing through a DI, the average reflection power P!
at DI’s destructive port is:

+o00
P = / For (@) S (w)dw (18)

J — 00

From (13)—(18), we can get the carrier-RB suppression ratio by
DI’s destructive port as:

P,
4

(atb) - (PEREE® — PRt emaeaT)
19)

= 10log

Based on (19) we can obtain the dependence of carrier RB
suppression on DI’s extinction ratio ERpr and the laser’s
linewidth Aw, as depicted in Fig. 7. For an ideal DI, a + b = 1.
In practice, (a + b) is smaller than 1 due to various reasons,
such as unequal coupling ratios of the two couplers in the DI
and polarization misalignment. Nevertheless, (a + b) should
be close to 1 for common cases. Note that Fig. 7 is derived
with the assumption of a + b = 1. Interestingly, as shown in
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Fig. 7. Dependence of carrier RB suppression on DI’s extinction ratio and
laser’s linewidth.

Fig. 7, carrier RB suppression is predominantly determined by
DI's ER when DI's ER is low, whereas it is determined by both
laser’s linewidth and DI’s ER when DI's ER is high.

IV. RELATION BETWEEN SYSTEM MARGIN AND ONU GAIN

According to the experimental results in Fig. 6, the minimum
received upstream power needed to achieve BER = 1079 is
—26.7 dBm when L; = 50 km, Ly = 10 km, and Gony = 11
dB. Meanwhile, the measured average received power by
the upstream receiver module is —18.7 dBm, implying 8-dB
system margin. In practice, the required system margin may
vary with different service quality requirements and different
external transmission environments. On the other hand, for a
given input power to the feeder fiber, system margin is deter-
mined by the minimum received upstream power needed to
achieve BER = 10~ and ONU gain. Next we will investigate
the relation between the minimum received upstream power
needed to achieve BER = 102 and ONU gain, from which
the relation between system margin and ONU gain can also be
derived through straightforward calculation.

At the upstream receiver in OLT, the signal-RB beating noise
and signal-amplified spontaneous emission (ASE) beating noise
are dominant. The optical signal-to-noise ratio (OSNR) before
the p-i-n receiver is given by

P§ - Gorr
OSNR = — 5
(Pig + Pég) - Govrr + Pase
1
- Pig Pig + 1 . Pase (20)
Pl Pl PL " Gour

where P§, Pl and Ply are the optical power of the upstream
signal, the carrier RB and the signal RB, respectively, before
the optical preamplifier at OLT. Gopr and Pagsg are the gain of
the preamplifier, and the power of ASE noise within the pass-
band of an AWG channel, respectively. The ASE noise gener-
ated during ONU amplification is neglected, as after transmit-
ting to the upstream receiver it is significantly smaller than both
Rayleigh noise and the ASE noise that is generated at OLT.
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Equation (20) can be rewritten as

Pase/Gorr
PL = 21
S~ 1JOSNR - Py/Ps — PPy V)
where
P
ASE ~ hVnsp . AVO})t7 (GOLT > 1) (22)
Gour

with h, v, ng,, Avgpe being the Planck constant, the optical fre-
quency, the spontaneous-emission factor (ny, = 2 in this paper)
and the channel bandwidth of the OLT AWG, respectively [24].

Assume the BER of the upstream signal is 10~ when the op-
tical signal-to-noise ratio equals to a specific value of OSNRy.
Then based on (21), the minimum received upstream power
needed to achieve BER = 10~ can be expressed as,

Pase/Gorr

Prec =
1/OSNRg — P /P — Plg/P¢

- apr (23)

P!y, Plg, and Pf are determined by the following two equa-
tions,

Py = (Psp_1 + Psp_2)/acic/apr (24)

Plg = (Pcpa + Pes_2)/aci/Sot (25)
P -G

Pl = c - GoNu 26)

(a1 - a - @2)? - acir - QD1

Since both the upstream signal and the signal RB experience
very similar loss when passing through the DI, we use acommon
symbol apy to denote DI’s insertion loss for the signal RB in
(24) as well as for the upstream signal in (26). apr was measured
to be ~4 dB. Spy is the carrier-RB suppression ratio by DI’s
destructive port in linear scale and can be derived from (19).

Based on the experimental results and (1)—(8), (19) and
(24)-(26), we can derive the value of OSNRg and can rewrite
(23) as,

k3

Proc = N (27)
ko — k1 - Gonu — G-
with kg, k1, k2 and k3 being
ko = 1/OSNRg
1 1
ky =

N + -

(O(Q . aA)2 - Rl R2

apr- a3 - [R1 + (a1 - @a)?- Rz]
Spr- Ri- Ry

k3 = hvngp - Avopt - apr

ko =

Then based on (27) we can plot the relation between the min-
imum received upstream power needed to achieve BER = 10~
and ONU gain as in Fig. 8. Note that the parameters used in the
theoretical calculations are in correspondence with the experi-
mental setup. In Fig. 8, the large difference between the case
for 60 km + 0 km and the case for 50 km + 10 km is due to
the fact that the signal RB, which cannot be suppressed by DI’s
destructive port, is significantly increased when the distribution
fiber is increased to 10 km, as illustrated in Fig. 2. To confirm
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Fig. 8. The relation between the minimum received upstream power needed to
achieve BER = 10~° and ONU gain.

the correctness of theoretical analysis described above, the min-
imum received upstream powers (to achieve BER = 10~?) cor-
responding to different ONU gains were measured in experi-
ment and are also shown in Fig. 8. Good agreement between
the theory and experiment is observed. The theoretical model
predicts well the system performance and thus can be used as a
guideline in system design. As an example, based on the afore-
mentioned theoretical model the optimal ONU gain can be de-
rived to maximize the system margin.
Equation (10) can be rewritten as

Pc

((11 QA az)z * QCir

~Gonu
Prec

M =

(28)

Substituting (27) into (28), we can derive,

Pc ks G¥ixu + ko - Gonu — ko

(a1 - q - @2)? - aci ks

M =
(29)

From (29), we can further derive that the maximum system
margin can be achieved as

Pe k3 — 4ky - ko
Mytax = . 30
M (a1 aq-a)?- aci 4ky - k3 G0
when the ONU gain is optimized as
Gonu_opt = ko/2k1 (31)

Then based on (30) and (31) we can calculate the maximum
system margin and the required optimal ONU gain for different
system reaches with different feeder-distribution length ratios,
as in Fig. 9. Interestingly, with certain length ratio the optimal
gain is nearly constant for reach ranging from 55 km to 75 km.
Note that for the scheme employing conventional OOK in up-
stream, the variation of optimal ONU gain is 8 dB (20 km x 0.2
dB/km x 2) for a 20-km change in system reach [19]. Thus,
an attractive feature of the proposed scheme is that all ONU’s
with similar length ratios can be set to a fixed gain even for a
large change in system reach, avoiding the incurred operation
complexity of setting different gains for ONUs with different
reaches.
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Fig. 9. The maximum system margin and the required optimal ONU gain for
different system reaches.

V. CONCLUSION

In this paper, we provide an insight into different design is-
sues for Rayleigh noise mitigation in carrier-distributed WDM-
PON. For the first time, we clarify that two types of RB are not
comparable in impairing the upstream signal, with carrier RB
being the dominant noise entering the Rayleigh noise-reduced
upstream receiver module, within a reach up to 60 km. Then we
propose a simple scheme, via in-band optical filtering, to effec-
tively suppress carrier RB in the carrier-distributed WDM-PON,
with a demonstrated 19-dB improvement in the tolerance to car-
rier RB. We also theoretically study the dependence of carrier
RB suppression on DI's ER and optical carrier’s line width.
Error-free transmission of 10-Gb/s upstream signal over 60-km
SMF is achieved with less than 2.5-dB power penalty induced
by residual Rayleigh noise. The relation between system margin
and ONU gain is also comprehensively studied. The theoret-
ical model built in this paper predicts well the system perfor-
mance and is expected to serve as a design tool for optimizing
the overall performance of a WDM-PON.
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