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ABSTRACT

Impact of Raman Crosstalk and Relative Intensity Noise Transfer on RF Overlay

in Optical Passive Networks

Hong Feng Yang

In the thesis, we investigate and analyze the impact of Raman crosstalk and RIN
transfer on RF video overlay channels induced by 1490-nm optical intensity modulated
digital data channel, considering modulation formats of non-return-to-zero (NRZ),
return-to-zero (RZ), Inverse-RZ (IRZ), and Manchester coding, fiber length, optical
power, optical modulation index and fiber polarization mode dispersion (PMD).

Firstly, carrier to noise ration (CNR) degradation due to the worst and best Raman
crosstalk due to the Raman crosstalk is compared for NRZ, RZ, inverse RZ and
Manchester. It is found that Raman crosstalk is reduced significantly when inverse RZ or
Manchester is used, in contrast to NRZ and RZ.

By comparing the result of CNR degradation in a real fiber with PMD, it is found
that orthogonal polarization state setting at fiber input is still helpful in the reduction of
Raman crosstalk for NRZ and RZ, but hardly for inverse RZ and Manchester, if fiber
length is less than 15 km, and otherwise useless due to PMD of fiber.

Also, relative intensity noise (RIN) transfer induced CNR degradation is analyzed and

is too small to be considered.
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CHAPTER1 INTRODUCTION

1.1 Evolution of Optical Fiber Communication

Fiber-optical communication systems are concerned with lightwave systems which
transmit information signals through optical fibers. Such systems have been widely
deployed throughout the world since 1980, and have deeply revolutionized the
telecommunication technology. The modern fiber-optic communications started around
1970s when GaAs semiconductor laser was invented, and the optical fiber loss was
reduced to 20dB/km in the wavelength region near lum [1]. Since then, fiber-optic
communication has been rapidly developed. The enormous progress of lightwave systems
can be grouped into several generations. Fig. 1.1 shows the increase of bit rate-distance
product over the development of lightwave systems. These data were quantified through

various laboratory experiments.

10’ T T . r .
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Fig. 1.1 - Increase in bit rate-distance product (BL) product over the development of



lightwave systems. Different symbols are used to distinguish each generation [2].

The first generation of lightwave systems was commercially available in 1980. It was
operated near 800 nm. GaAs semiconductor lasers were also used. The data rate of the
lightwave systems was around 45 Mb/s with a repeater spacing of up to 10 km.

The second generation of lightwave systems with data rate of 1.7 Gb/s and a repeater
spacing of 50 km became commercially available by 1987. It was operated in the
wavelength region near 1.3um, where fiber loss was below 1 dB/km. Also, Single Mode
Fiber (SMF) was first used and had exhibited a minimum dispersion in this region.

The third-generation lightwave systems with data rate of 2.5 Gb/s became
commercially available in 1990. It is known that silica fibers had the minimum loss
(0.2-dB/km) near the wavelength at 1.55pm. To compensate for the large fiber dispersion
near 1.55pum, dispersion-shifted fiber and single-longitudinal-mode lasers were
developed.

Instead of periodically using electronic repeaters with a typical spacing of 60-70 km
in the third-generation lightwave systems, optical amplifiers were used in the
fourth-generation lightwave systems to increase the repeater spacing and
wavelength-division multiplexing (WDM) to increase capacity. Erbium-doped fiber
amplifiers (EDFA) were developed in 1985 and were commercially available in 1990.
EDFA made it possible to transmit optical signals up to tens of thousands of kilometer

without using electronic regenerators. The advent of WDM technique started a revolution



and increased the capacity of lightwave systems enormously.

The next generations of lightwave systems, i.e. the fifth-generation of lightwave
systems, have been under development for a while. The emphasis of research can be
commonly categorized into two groups. One emphasis is to extend the wavelength range
to L-band (1570nm — 1610nm) and S-band (1485nm — 1520nm) to increase the number
of channels in WDM. Currently, lightwave systems are operated in the conventional
wavelength window, known as C-band, which is from 1530 nm to 1565 nm. The other
emphasis is to increase the data rate of each channel. Many experiments have been done
at data rate of 10 Gb/s or 40 Gb/s per channel since year 2000. In such higher data rate
lightwave systems, dispersion compensation management and combating of fiber
nonlinearity induced effects like self-phase modulation (SPM), cross-phase modulation
(XPM) and four-wave-mixing (FWM) are becoming critical. For this issue, modulation

format has been a key factor.

1.2 Fiber Optical Networks

From an architecture standpoint, optical networks can be divided into several broad
categories. Since networks may cover a small geographical area or spread over an entire
continent, it is useful to classify them into three groups named as local area networks
(LANs), metropolitan-area networks (MANs), and wide-area networks (WANSs)
according to their coverage area. An alternative classification used by the telephone

industry refers to LANs as access networks, MANs as metro networks, and WANs as



transport networks [3]. In optical networks, WANs include long-haul networks and
backbone networks. Fig. 1.2 illustrates four generic categories of optical networks [4].

e Long-haul networks, which span hundreds to thousands of kilometers, can
transmit signals among cities or geographical regions.

o Backbone networks describe a high-capacity network that connects multiple
LAN, MAN, or WAN segments, and handles inter-network traffic.

e Metropolitan networks connect groups of central offices within a city or a local
geographical region. For this type of network, the distances between central
offices range from a few to several tens of kilometers.

e Access networks connect a central communication office to individual business,

organizations and homes.

City A

Backbone
network

Long-haul
network

: oo
b 4
: Premises
Metropolitan e
network E

Fig. 1.2 - Overview of optical networks.



Several different wire line and wireless technologies have been used for high-capacity
links in access networks. They are hybrid fiber-coax (HFC) schemes, digital subscriber
lines (DSL), broadband wireless links (WiMAX), and passive optical networks (PON).
The access networks are the topic of interest for PON applications. The application of
PON technology, which provides broadband connectivity in the access network to homes,
multiple-occupancy units, and small businesses, is commonly called fiber-to-the-premise

(FTTP).

1.3 Description of Passive Optical Networks (PON)
An FTTP network can use three kinds of deployment scenarios. They are point to

point topology, curb-switched network, and passive optical network (point to multipoint

network).

Pointto- point links
(@) ~ N fiber lmgs
-2 N transceivers

Concentration switch in the neighborhood
+ 1 fiber line
) — Power in the field
-2N + 2 transceivers

PON - a distributed switch
+ 1 fiber line

€) + N +1 transceivers
+ Path transparency

Passive gl o
optical
splitter

Lok |




Fig. 1.3 - Typical FTTP architectures [5].

Shown in Fig. 1.3 (a), a straightforward way to deploy optical fiber in the local access
network is to use a point-to-point (P2P) topology. Considering N subscribers, it will
require NxL total fiber length and 2N transceivers with P2P architecture. It is cost
prohibitive because it requires more fiber line as well as equipments space in the center
office than the other two architectures (b) and (c).

Shown in Fig. 1.3 (b), in order to reduce fiber lines, a remote curb switch is deployed
close to the neighborhood. This will reduce fiber consumption at the trunk line, but will
increase the number of transceivers to 2N+2. What’s more, a curb-switch requires electric
power at the remote site.

Shown in Fig. 1.3 (¢), a newly access technology called passive optical network
(PON) comes out. With this technology, the active curbside switch is replaced with a
passive optical splitter. PON generally consists of an OLT (Optical Line Termination),
which is connected to ONUs (Optical Network Units), using only fiber cables, optical
splitters and other passive components. Shown in Fig. 1.3 (c), a PON configuration
reduces the amount of fiber and central office equipment required compared with
concentration switch and point to point architectures. This PON architecture requires only
N+1 transceivers and one fiber link.

Passive Optical Network is a high bandwidth point to multipoint (P2MP) optical fiber

network based on the asynchronous transfer mode protocol (ATM), Ethernet, TDM, or



WDM.

PON uses a single port at the Central Office/Head End (CO/HE) to serve up to n
subscribers through a 1 to n optical splitter. The split ratio of the splitter is typically 32,
16, or 8. Voice, data, IP video, and CATV video can all be supported on a PON by using
Coarse Wavelength Division Multiplexing (CWDM). A typical PON architecture is
shown in Figure 1.4

Office
buileting

Apariment
Piding
Central Office 4

spditters

Fig. 1.4 - Passive optical networks structure [6].

1.3.1 PON Standards

Three standards have been proposed to define PON architectures. They are ITU-T
G.983 series, ITU-T G984 series, and IEEE-802.3ah standard, which define broadband
PON (BPON), gigabit capable PON (GPON) and Ethernet PON (EPON), respectively.

Shown in Table 1.1, BPON system uses ATM cell to transmit downstream data at a



speed of 155.52, 622.08, and 1244.16 Mb/s. GPON system uses up to 2488.320 Mb/s

downstream. However, EPON is the only access network architecture that inherits from

computer networks rather than public communication network [6]. EPON has the same

bite rate of 1.25 Gb/s in downstream and upstream. For all PON system, the split ratio is

typically 32.
Table 1.1 PON standards- key optical specifications
Type Data rate and reach Split ratio Standard Fiber type
BPON Downstream: 32 ITU G.983.3 Single mode ITU G.652¢/d
Broadband 1244, 622 or 155Mb/s 2001 (low or zero water peak)
Passive Upstream:155Mb/s ITU G.652(std SMF)
Optical Network Max reach:20km
GPON Downstream: 32(64) ITU G.984.2 Single mode ITU G.652¢/d
Gigabit capable 2.488 or 1.244Gb/s 2004 (low or zero water peak)
Passive Optical Upstream: ITU G.652(std SMF)
Network 622 or 155Mb/s
Max each:20km(60km)
EPON Downstream:1.25Gb/s 16 or 32 IEEES802.3ah | Single mode ITU G.652¢/d
Ethernet Passive Upstream:1.25Gb/s (low or zero water peak)
Optical Network | 1000BASE-PX10 10km ITU G.652(std SMF)

1000BASE-PX20 20km

The analysis has shown that BPON, GPON, and EPON networks can support a 20 km

fiber reach with 1:32 split ratio. Also it can provide triple play services by using CWDM.

In this PON architecture, the downstream digital signal can be transmitted from the OLT

to the subscribers at 1490 nm using Time Division Multiplexing (TDM), and a broadcast

video overlay that uses the same radio frequency technology employed in CATV HFC

systems is added to PON at around 1550 nm. This 1550 nm RF signal is transmitted in a

form of sub-carrier modulation (SCM) AM-VSB analog signal, which can carry analog

channels and digital channels.




Shown in Table 1.2, while the protocols of these three systems are quit different, they

all share the same wavelength plan that uses the 1480-1500nm wavelength range for

downstream data signal, the 1260-1360nm wavelength range for upstream, and the

enhancement band of 1550-1560nm for video distribution service. Due to the fact that

CATV RF video overlay is analog based transmission, the CATV RF signals are very

sensitive to any-crosstalk and distortion.

Table 1.2 Wavelength allocation of PON

Items

Notation | Unit l Nominal value

Application examples

1.3 pm wavelength band

Lower limit - nm 1260 For use in ATM-PON upstream.
Upper limit - nm 1360

Intermediate wavelength band For future use
Lower limit - nm 1360 Reserved band including guardbands for
Upper limit Al nm 1480 allocation by ITU-T.

Basic Band

Lower limit Yy | nm 1480 For use in ATM-PON downstream.
Upper limit A2 nm 1500

Enhancement Band (Option 1)
Lower limit A3 nm 1539 For additional digital service use.
Upper limit M nm 1565

Enhancement Band (Option 2)
Lower limit 23 nm 1550 For video distribution service.
Upper limit M nm 1560

Future L Band
Lower limit AS nm For further For future use
Reserved band for allocation by ITU-T.

Upper limit A6 nm study




1.4 Description of Several Important Definitions

1.4.1 Raman scattering

Spontaneous Raman scattering was first discovered by Raman, for which he received
the Nobel Prize in Physics in 1930 [7]. It occurs in optical fibers when the pump light is
scattered by the molecules of silica. The energy diagram shown in Figure 1.5 can
describe the energy-level diagram of Raman scattering. There are basically two types of

Raman scattering process [8],

* Absorption of a pump photon followed by a change in vibrational energy of the
participation molecule and the emission of a photon with the energy difference.

This is called Stokes scattering.

« If the pump photon is absorbed by a molecule that is already excited, a photon with
energy equal to the sum of energies is emitted. This is called anti-Stokes scattering.
It only takes place for a fiber temperature above the absolute zero — non-zero

population of the excited vibrational state is needed.



Ist excited

anti-Stoke scattering [8].

vibrational state
Ground state

r o
e ‘AE& =
AE,=hvy] | “hivv) i AE =hv, | -h(v,+v)

S > ——

X

W J

Stokes anti-Stokes

scattering scattering,

Fig. 1.5 - Energy diagram for the Raman scattering processes: Stokes scattering and

The Raman scattering process becomes stimulated if the pump power exceeds a

1.4.2 Raman amplification

and the backward directions in optical fibers.

threshold value [9]. Stimulated Raman Scattering (SRS) can occur in both the forward

In a quantum mechanical description, shown in the energy-level diagram in

photon, therefore, has been amplified.

Figurel.6, a pump photon is converted into a second signal photon that is an exact replica

of the first, and the remaining energy produces an optical phonon. The initial signal
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Y pump pholon —
\ signal phoiah T signal photons

Fig. 1.6 - Schematic depicting amplification by SRS in an optical silica fiber. The silica
molecules convert the pump into a replica of the signal photon, producing an optical

phonon [8].

The Raman gain coefficient is a fundamental parameter for Raman amplification.
This parameter determines the strength of the coupling between a pump beam and a
signal beam due to SRS. The Raman—gain coefficient g, is related to the optical gain
g(z) as g =g,/,(z), where I, is the pump intensity. In terms of the pump power P,
the gain can be written as

g(@) =gy(w)(P,/a,) (L.1)

Here, a, is the cross-sectional area of the pump beam inside a fiber. Since a, can
vary considerably for different types of fibers, the ratio g%p is a measure of the
Raman-gain efficiency. The ratio when pump and signal are co-polarized (solid curve) or

orthogonally polarized (dotted curve) is plotted in Figure 1.7.

12



1.4.3 Raman crosstalk in PON RF video overlay channel

When a 1550 nm video overlay signal is transmitted in a PON system, one of the
most important issues we must consider is that downstream data transmission at the
1490nm wavelength from OLT can cause Stimulated Raman Scattering (SRS) induced
noise in the 1550nm video overlay signal. This noise can result in reduced carrier to noise
ratio (CNR) if the 1490nm power exceeds certain limits.

These Raman scattering processes can cause noise if signal photons having photon
energies within the Raman line are injected together with a strong co-polarized pump [8].
Shown in Fig. 1.7, very small Raman crosstalk takes place if the signal and pump are

launched in orthogonal polarizations.

1.2

10 —- co-polarized

........ orthogonal

0.8

06

0.4

normalized gain coefficient

0.2

............
.................................
.....................

0.0

0 5 10 15
pump-signal frequency difference [THz]

Fig. 1.7 - Raman-gain coefficient (peak value normalized to 1) when pump and signal are

co-polarized (solid curve) or orthogonally polarized (dotted curve) [8].
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The Raman scattering spectrum of the data signal at 1490 nm will act as an additional
noise to the video signal at 1550 nm. The spectrum of Raman gain has a peak at 13.5THz
(~100 nm) when pump light works at 1490 nm. Thus, at the wavelength difference of
60nm (difference from 1550nm to 1490nm), the Raman gain is still high enough to affect

the RF channel.

1.4.4 Polarization Mode Dispersion

The Polarization Mode Dispersion (PMD) results from the fact that light-signal
energy at a given wavelength in a single-mode fiber actually occupies two orthogonal
polarization states or modes. Fig. 1.8 shows this condition. At the start of the fiber, the
two polarization states are supposed to be aligned. However, because of fiber
birefringence, the refractive index of optical fiber material is not perfectly uniform across
any given cross-sectional area , and varies along the length of fiber; Consequently, each
polarization mode will encounter a slightly different propagation velocity so that one
polarization mode will travel faster and limit the performance of modern lightwave
systems.

Time delay
[ 1
—y

5>

Fast mode !
/'\
VRN
S
VA
/ 1
/ 1
’ 1
7 |
< !

Slow mode

Fig. 1.8 - Variation in the polarization states of an optical pulse because of PMD.
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It is well known that Raman crosstalk between any two optical channels is strongly
dependent on polarization states of the two optical channels along a fiber. In PON
systems, Raman crosstalk from the 1490-nm optical digital data channel to the 1550-nm
optical RF overlay channel is thus dependent on polarization states of the two optical
channels along a fiber, and is in turn dependent on the input polarization states of the two
optical channels and polarization mode dispersion (PMD) of the transmission fiber.
Therefore, it is found that the worst Raman crosstalk is hard to be estimated
experimentally due to inevitable fiber PMD [10]. On the other hand, PMD, in average,
reduces Raman crosstalk due to random nature of PMD [11].

In the simulation, we set correlation length to 50m, i.e. the continuous variations of
birefringence are substituted by series of many short sections of 50m with constant
birefringence. It is said to be coarse step method in PMD analysis. The axis of local
birefringence varies from section to section. It means that polarization state of the optical

field is scattered to a new point as shown in Fig. 1.9.

B F) K S ) B S ST ; e :
| : H B H i ; : [ : ¢ H
B ; N | . eee
§ : Pk 1 P 8 P i
4 i T 3 i s ¢ ; : H
% ; 5 N . S Y % 4 % A
g e S E E o e

e s . e B
T, T, T, T,
T, T, T, T,

Fig. 1.9 - Schematic representation of coarse step method.
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1.4.5 PON RF Video Overlay Design Considerations
RF Video overlay transmission equipment employed for FTTP is typically used for
CATV HFC system. The RF video overlay typically deployed 80 analog channels from
50 to 550MHz, and potentially many additional digital channels using sub-carrier
multiplexing with 64-QAM or 256-QAM. To achieve good picture quality for this case,
there are three requirements that must be met at the receiver.
o Carrier to Noise Ratio (CNR) is the key parameter. It must above 44dB to meet
FCC requirements and above 47dB to eliminate noticeable video “snow”.
e Composite Second Order distortion (CSO) should be less that -54dBc to avoid
swimming diagonal stripes in the video.
e Composite Triple Beat distortion (CTB) should be less than -54dBc to avoid
horizontal line in the video.
With standard RF video transmission system at 20km distance, the critical parameter
to manage is CNR. In this case, if CNR is above 47dB, the CSO and CTB requirements

are easily met.

€ CNR (Carrier to Noise Ratio) Calculation

To measure CNR we use a module, which allows automated measurement of the
ratio of powers falling within two filtered bandwidths. The input signal is sent to two
separate filters, which have a Gaussian pass-band and a specified bandwidth. The order of

the Gaussian can be specified and high orders will approximate to a brick-wall filter.



The function of the module can be expressed mathematically from the voltage

outputs of the two filters v where R is the output of the module,

2
Vi

R(dB)=10log =2t (1.2)

vl<'iller 2

The ratio of the output powers of the carrier and noise filters is calculated and

converted to dB. A ratio of 10 in power gives an output of 10 dB.

€4 CSO (Composite Second Order Beat ) and CTB (Composite Third Order
Beat) Calculation

CSO is defined as the ratio of carrier to Composite Second Order Beat and CTB is
the ratio of carrier to Composite Third Order Beat. Both of them are the result of multiple
carriers experiencing second and third order non-linearity and so generating multiple
distortion products.

These products are measured as a group thus the term composite distortion as
opposed to discrete distortion. The CTB products fall close to the carriers because of the
choice of equally spaced carrier frequencies. Second order distortion products fall +/-
1.25 MHz from each carrier. A small quantity of the second order products fall 0.75 MHz
from some carriers.

For NTSC systems, the CSO intermodulation products are displaced from the

carriers by +/-1.25 MHz as shown in Fig. 1.10.
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Fig. 1.10 - Frequency position of CSO and visual carrier [12].

The power difference between visual carrier and noise level at 1.25MHz from it is
the CSO distortion.

Because the major components of CTB fall on the frequencies of the carriers, CTB
distortion must be measured by turning off the appropriate channel carrier as shown in

Fig. 1.11 [12].

Visual
foarrier

When measured CTB,
visual carrier must
be turned off |

iitgiapeionpy

» frequency

Je

Fig. 1.11 - Frequency position of CTB and visual carrier [12].
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The power difference between visual carrier and noise level when visual carrier is off

is the CTB distortion.

1.4.6 Noise Contributions

Thermal Noise, shot noise from photo-diode, Relative Intensity Noise (RIN) from
lasers, and clipping noise from lasers are the typically four kinds of dominant noise in
SCM systems. Each is described as follows.

Thermal Noise is generated in resistive elements of the link including the

photo-diode and the modulator. Its mean square current value is given by

(13)= (%) (1.3)

where K is Boltzmann constant, T is the absolute temperature, B is the video stream
bandwidth, and R is the load resistance value. In the simulation, we set thermal noise of
7.5 pA/\/ITIE at the PIN diode.

Shot Noise is generated when an optical signal is incident on the photo-detector. Its
value is given by
(I,)=2-qU+1,)-B (1.4)
where q is the electronic charge, I is the mean optically generated current, and I4 is the
photodetector dark current.

Relative Intensity Noise (RIN) is generated by spontaneous emission within the
laser source. It is dependent on material, structural and modulation parameters. The

contribution of the source RIN to the noise current at the detector for a CW laser is given
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by
(Iw)=1"-RIN-B (1.5)
Moreover, accompanying Raman crosstalk, relative intensity noise (RIN) of the
1490-nm optical digital data channel is also transferred to the 1550-nm optical RF
overlay channel [13].
Clipping noise is generated when a semiconductor laser is driven below threshold by

the modulating current, which is shown in Fig. 1.12. Clipping is given by
AN _
Clipping™ =|:«/27z' £l-l-—63'u——)e2”2} JHU=m\N/2 (1.6)
H

where N is the number of SCM channels, and m is the optical modulation index per
channel.

When transporting multiple signals in SCM network, the modulated composite input
signal is only weakly clipped by laser so that the desirable CNR and low CTB/CSO
values are obtained. Clipping sets the fundamental limitation on how much the laser can

be clipped for composite input signal.

Output +
Intensity h Output
Tich ib Input N S
;1 Clipping
! Current Noise
Input

Fig. 1.12 - Generation of clipping noise.
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1.4.7 Analog Modulated Video Signal

The National Television Systems Committee (NTSC) came out in 1941 and
established color TV standards in 1953. It is used as terrestrial broadcasting and cable TV
transmission systems in North America, Japan, and many other countries.

As shown in Fig. 1.13, the standard modulation format for NTSC analog video stream
is Amplitude modulation with vestigial sideband modulation (AM-VSB). In AM-VSB
each video stream was converted on an allocated CATV frequency. The NTSC standard

analog video stream has two major components: video carrier and audio subcarrier.

Spectrum of Video Signal
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Fig. 1.13 - Spectrum of NTSC video signal [14].

The TV luminance and the 3.58 MHz chrominance subcarrier amplitude modulates an
IF video carrier (such as 55.25MHz, 61.25MHz etc.). Then, an asymmetrically filter is
used to filter portion of the upper sideband of the amplitude modulated signal such that
the lower sideband edge is 1.25MHz below the IF video carrier and the upper sideband

edge is 4.75MHz above the IF video carrier. The audio subcarrier is 4.5MHz above the
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video carrier. The total channel bandwidth is 6.0 MHz. In NTSC, chrominance is encoded
using two 3.579545 MHz signals that are 90 degrees out of phase, known as I (in-phase)

and Q (quadrature) QAM. Specifications of NTSC-M is shown in Table 1.3

Table 1.3 Specifications of NTSC-M in America.

; Chrominance
Channel bandwidth at RF 6 suboanrier froqeency | 3.579.545 % 10=3.58MHz
(MHz)
(Hz)
Frequency separation ' .
between video and audio | 4.5 Vlde(zlaﬁj)""ﬂth 42
carrier (MHz) _

1.4.8 Frequency Allocation Tables of NTSC

NTSC supports color television transmission in a 6-MHz channel bandwidth and has
525 interlaced scan lines. Two fields are interlaced to make one frame with a frame rate
of 29.97 frames per second and a field rate of 59.94 fields per second. A fraction
(approximately 8 percent) of the available bandwidth is used for signal synchronization
between the transmitter and the receiver, giving an effective resolution of 640x480. The
aspect ratio, or ratio of picture width to picture height, is 4:3 [14].

Table 1.4 lists the frequency band, the visual carrier frequency and the chrominance
and audio subcarrier frequency for each of the 80 NTSC channels. All frequencies are in
MHz. CH means channel number in the TV system; BAND means the channel band
range and the bandwidth is 6MHz; VIDEO means video carrier frequency; CROMA

means chrominance subcarrier frequency; and AUDIO means audio subcarrier frequency.
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BAND
54- 60
60— 66
66— 72
76— 82
82— 88

174-180
180-186
186-192
192-198
198-204
204-210
210-216

90-96
96-102
102-108
108-114
114-120

Table 1.4 NTSC frequency assignments (MHz)

VHF

VIDEO

bb.
61.
67.
77.
83.
175.
181.
187.
193.
199.
205.
211.

91.
97.
103.
109.
115.

CH
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

BAND
120-126
126-132
132-138
138-144
144-150
1560-156
156-162
162-168
168-174
216-222
222-228
228-234
234-240
240-246
246-252
252-258
258-264
264-270
270-276
276-282
282-288

25
25
25
25
25
25
25
25
25
25
25
25

25
25
25
25
25

CATV

VIDEO

121.
127.
133.
139.
145.
151.
157.
163.
169.
217.
223.
229,
235.
.25
247.
253.
259.
265.
271.
2717.
283.

241

25
25
25
25
25
25
25
25
25
25
25
25
25

25
25
25
25
25
25
25

CHROMA

58.
64.
70.
80.
86.
178.
184.
190.
196.
202.
208.
214.

94.
100.
106.
112.
118.

8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295

8295
8295
8295
8295
8295

AUDIO

59.
65.
71.
81.
87.
179.
185.
191.
197.
203.
209.
215.

95.
101.
107.
113.
119.

75
75
75
75
75
75
75
75
75
75
75
75

75
75
75
75
75

CHROMA

124.
130.
136.
142.
148.
154.
160.
166.
172.
220.
226.
232.
238.
244.
250.
256.
262.
268.
274.
280.
286.

8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295

AUDIO

125.
131.
137.
143.
149.
155.
161.
167.
173.
221.
2217.
233.
239.
245.
251.
257.
263.
269.
275.
281.
287.

75
75
75
75
75
5
75
75
75
75
75
75
75
79
75
75
75
75
75
75
75

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
o1
o2
53
54
55
b6
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

288-294
294-300
300-306
306-312
312-318
318-324
324~-330
330-336
336-342
342-348
348-354
354-360
360-366
366-372
372-378
378-384
384-390
390-396
396-402
402-408
408-414
414-420
420-426
426-432
432-438
438-444
444-450
450-456
456-462
462-468
468-474
474-480
480-480
486-492
492-498
498-504
504-510
510-516
516-522
522-528
528-534
534-540

289,
295.
.25
307.
313.
319.
325.
331.
337.
343.
349.
355,
361.
367.
373.
379.
385.
391,
397,
403.
409.
415.
421.
427.
433.
439.
445,
451.
457,
463.
469.
475.
481.
487.
493.
499.
505.
511.
517.
523.
529.
535.

301

25
25

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

292.
298.
304.
310.
316.
322.
328.
334.
340.
346.
352.
358.
364.
370.
376.
382.
388.
394,
400.
4086.
412,
418.
424,
430.
436.
442,
448.
454,
460.
466.
472.
478.
4384.
490.
496.
502.
508.
b14.
520.
526.
532.
538.

8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295
8295

293.
299.
305.
.75
317.
323.
329.
335.
341.
347.
353.
359.
365.
371.
377.
383.
389.
395.
401.
407.
413.
419,
425.
431.
437.
443.
449.
455.
461.
467.
473.
479.
485.
491.
497.
503.
509.
515.
521.
b27.
533.
539.

311

75
75
75

75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
5
75
75
75
75
75
75
75
75
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In this thesis, we use the module that generates the sum of 80 sinusoidal carriers with
specified channel spacing of 6MHz at video carrier frequency of 55.25MHz, 61.25MHz
etc., which is shown in Table 1.4. Each carrier is of the form,

v = Asin(27ft + 6) (1.7)

where A is the zero-peak amplitude of the carrier, f is its frequency, t is time, and @ is its
phase. The phase of each subcarrier is set random phase on each iteration. That is similar
to a realistic system, where the individual carriers are not phase locked. Fig. 1.14 shows

the detected RF signal spectrum after photodetector.

Fr&quency

Fig. 1.14 - PIN diode output RF spectrum (80 channels)
1.5 Motivations of This Thesis
PON systems provide digital data transmission at 1490 nm, and also transport CATV
RF video overlay in down stream at 1550 nm. Due to the fact that CATV RF video

overlay is analog based transmission, the CATV RF signals are very sensitive to any
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crosstalk and distortion. It is well known that fiber Raman effect will induce Raman
crosstalk between wavelength division multiplexing (WDM) channels including hybrid
WDM systems [15-16]. Many methods have been deployed to reduce the impact of the
Raman crosstalk. It is found that the Raman crosstalk seriously degrades RF video
channels with frequencies of in the range of 55-100 MHz, i.e. the crosstalk has a low-pass
characteristic, and pre-emphasized RF power is required to meet the required CNR,
specified by NTSC [17-18]. Moreover, optical baseband digital data transmission in PON
systems is based on time division multiplexing packets or frames. In other words, idle
frames are often sent in the absence of real traffics. By using Manchester coded binary
sequences in idle patterns to shape the signal spectrum of optical intensity modulated
digital data, the Raman crosstalk in the low frequency channels (channel 2 to 6) is
reduced in Ethernet PON systems [19-20].

Followed by these researches in [15-20], our motivations is to investigate and analyze
the impact of Raman crosstalk and RIN transfer on RF video overlay channels induced by
1490-nm optical intensity modulated digital data channel, considering modulation
formats of non-return-to-zero (NRZ), return-to-zero (RZ), Inverse-RZ (IRZ), and
Manchester coding, fiber length, optical power, optical modulation index and fiber PMD,
and develop new solutions to reduce the Raman crosstalk in RF overlay channel of PON.
The upper and lower bounds of Raman crosstalk, fiber PMD effect on Raman crosstalk,

and RIN transfer induced CNR degradation will be presented.
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In the past, modulation formats such as NRZ, Manchester have been present to

analyze and control the impact of Raman crosstalk in PON system [19].

1.20 6.0
Scrambled code Manchester code
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~
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Fig. 1.15 - Digital signal spectra and Raman reduction with idle pattern control [19].

As shown in Fig. 1.15, in a typical G-PON system, there could approximately be 25%
traffic on average. That is, there will be 75% idle time. In addition, the cell headers,
which can not be controlled, occupy 10% of idle time. As a result, the controllable pattern
appears on the line approximately 67% of the time. Therefore, the spectrum of the line
signal will be the weighted average of the scrambled and Manchester coded spectra. The
average reduction in spectral intensity is then as shown in Fig. 1.15. In the important
50~100 MHz region, the reduction is around 4 dB in this example [21]. This would

produce a 3 dB improvement in Raman impairments for overlay signals on the PON. It
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should be noted that higher downstream utilization will produce less improvement, and
vice versa.

In this thesis, we investigate two new coding schemes, i.e. RZ and Inverse-RZ coding
[22], to analyze the Raman effect. By comparing the CNR degradation of different digital
channel coding schemes, we can get the impact of different signal spectrum of optical
intensity modulated digital data.

In addition to coding schemes, optical power of digital channel and modulation index
of RF overlay channels are also investigated to find the impact on the Raman crosstalk
degradation. Fiber PMD impact are also considered according to different kinds of

coding.

1.6 Thesis Structure

The structure of the thesis is described in this section — for each chapter the main
contents are described.

In Chapter 2, we present the theory of the Raman crosstalk in PON. Firstly, the
Raman crosstalk modeling is given in Section2.1. Furthermore, the PON systems under
consideration are given in Section 2.2. Then, the specific simulation modules are listed in
the subsections of Section 2.3.

In Chapter 3, we investigate simulations of Raman crosstalk in PON systems.
Section 3.1 illustrates the low pass characteristic of Raman crosstalk at NTSC channel.

Section 3.2 considers Raman crosstalk induced CNR degradation with a virtual
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assumption that fiber has no PMD when polarization states of video overlay channel and
digital channel maintain along the fiber with parallel and orthogonal aligned. Section 3.3
illustrates Raman crosstalk with the consideration of PMD, i.e. real fiber. For this case,
we investigate CNR degradation due to Raman crosstalk if polarization states along a
fiber have random evolution due to PMD. Thus, we can evaluate the PMD impact on
Raman crosstalk induced CNR degradation. Finally, we evaluate RIN transfer impact on
CNR in Section 3.4

In Chapter 4, we conclude this thesis and summarize all the results shown in all the

previous chapters.
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CHAPTER2 MODELING OF RAMAN CROSSTALK IN PON SYSTEMS

This chapter presents the theory of the Raman crosstalk in PON systems. Firstly, the
Raman crosstalk modeling is given in Section 2.1. The PON systems under the
consideration are described in Section 2.2. Then, the specific modules which are used for

simulation are briefed in Section 2.3.

2.1 Raman Crosstalk Modeling

A formal approach to evaluate the Raman crosstalk is to solve the coupled
propagation equations of the optical power P,. at a wavelength of 4,. and P, ata
wavelength of A, along a fiber. Specifically, the optical digital data channel at 4, is
the pump of the Raman crosstalk for the optical RF overlay channel, i.e. 4, <4, as

shown in Fig. 2.1. A,. is the optical RF overlay channel wavelength and A, is the

optical digital data channel wavelength.

$-4

Aa

Fig. 2.1 - Wavelength allocation in modeling

The coupled equations are given by [15]

OP,,. N 1 0P,
Oz vy Of

= (g P = a)PR,,. for optical RF overlay channel (2.1)
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O + 1o =(-g.Py —)P, for optical digital data channel, (2.2)
0z v, Ot

where z is the position of fiber length, « is the loss of the fiber, g, is the effective
Raman coefficient, v, is the group velocity of the optical RF overlay channel in the
fiber, v, is the group velocity of optical digital data channel in the fiber, P,. is the

optical RF overlay channel power and P, is the optical digital data channel power.

Assuming no pump power depletion of the optical digital data channel due to Raman

crosstalk and using 7, to substitute t with 7, =t—-—Z—, we solve (2.1) and (2.2) and
Va

obtain,

P(z7,) = B0t )e exp| =g, - [ o )Py (00, +87-2)-c |

~ P,(0,7,)e ™ x [1 - ga- fp(z')PR,, (0,7, + Az -z')-e’“"dz'] (2.3)

A similar approach can be used to have,
Py (2,74 ) = Py (0,7 )™ x eXp[gR : fF’(Z')Pd (0, T +AT-2')- e—w'dzl]
~ P (0,7, )™ x [1 +g,- [ ()P, (0.7, +AT-2). e’“z'dz'] (2.4)

1 1

Vi Vi

where the exponential is approximated to the first order, A7 = ~ D|A, — Ay

represents the group velocity mismatch between the two channels, the factor p
represents the polarization overlap factor with p <1, and D is the dispersion coefficient

of the fiber.
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If we set optical RF overlay channel to be a modulated wave, i.e.
P (0,6)= Py, [1 +m, cos(27f -1)] and the optical digital data channel to be a CW wave,
ie. Pd(O,t)=PdO, where m,, is the optical modulation index (OMI) of optical RF
overlay channel, f is the RF subcarrier frequency, and P,, and P,., are the average
optical power of the optical digital data and RF overlay channels. To obtain an explicit

expression of Raman crosstalk, we substitute those into (2.3) yields,

Fzr)=Fpe™ [l ~ Psrs8r ‘[P/ufoe ' - Psrs8r [P doMpy: 00424 T, +2nAt -z ') € _w'dzljl

1 —az

= P e ™ {1 ~ Psrs & nPrro —- cos(27fT, + O g )

@2.5)

14+ e —2¢ ™ cos(2afAT - 2)
X Pps & g Pric oM g \/

\/a2 + (27zfA1')2

where © ¢ =tan'l(_27y(Ar)+tan”1 _e_ sin(27Az -2) . In (2.5), the first term is
o -a e™® cos(2afAt-z)-1

the optical carrier power after fiber transmission; the second term is the interaction between
the two optical carriers; the third term is the power transfer as the result of Raman crosstalk
between optical digital data and RF overlay channels. Note that if using (2.4), we cannot
obtain an explicit expression of the third term as given in (2.5).

According to the definition of Raman crosstalk in [15], the electrical crosstalk

suffered by the subcarrier in the RF overlay channel due to SRS is given by,

Crosstalk (SRS)~ {(pSRS g:Py) (2.6)

2 L+e7% —2¢™* cos(2afAt - z)
a’ + Qa7
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where pg,, is the polarization overlap factor; g, is the Raman gain coefficient; o is

the attenuation coefficient of the fiber; f is the RF subcarrier frequency; Az is the group

velocity mismatch between the two signals; z is the fiber length; and P, is the

normalized optical power of the optical digital data signal and can be expressed by the

power spectrum density (PSD) [23], i.e.

P, :PdO'VG(f)

Q2.7)

where G(f) is the PSD of optical digital data. The PSD is dependent on coding

schemes and expressed with [24],

, sin’ (i)
2R,
7#‘ 2
2R,

otn=2-(2 e

e+l ﬂf 2
2R,

for reverse RZ

6()- (531}

for Manchester

2.8)

2.9)

(2.10)

@2.11)

where ¢ is the electrical extinction ratio of the digital data signal, f is the frequency, and
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R, is the data rate of the digital data channel.

In the case of SCM systems, CNR can be used to describe the system performance.
The CNR is defined as the ratio of root mean square (RMS) power of subcarrier channel

to RMS noise power of subcarrier channel at the receiver and can be expressed as,

1
5 (my.RP,)’

CNR = (2.12)

[i,” +2eRP. +(RIN + Crosstalk(SRS)RP. Y 1B
Here, at the numerator, it is RMS power per subcarrier channel. At the denominator, the
first and second term is thermal noise and shot noise, respectively. RIN is the relative
intensity noise of optical RF overlay channel transmitter. The Raman crosstalk generated
at 1550 nm is given by (2.6). m,, is the OMI of optical RF overlay channel, R is the
detector responsivity of receiver, P, is the average received optical power of RF overlay

channel, and B is the effective noise bandwidth of each subcarrier channel at the receiver,

which is 4.2 MHz for NTSC signals.
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2.2 PON Systems under the Consideration
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Fig. 2.2 - System architecture used for simulation

Fig. 2.2 illustrates the system setup that is used for our investigation. We consider a
PON downstream system, which consists of an optical intensity modulated digital data
channel at 1490 nm and an broadcast optical RF overlay channel at 1550 nm. The
broadcast optical RF overlay channel carries 80 optical subcarriers, which are RF video
subcarrier channels. The RF subcarrier frequency starts from 55.25 MHz (channel 2), and
increases with 6 MHz frequency interval until 535.25 MHz. We use pseudorandom
binary sequence (PRBS) of 2%-1 with an additional “0” bit to model optical intensity
modulation of the baseband digital data channel, and we do not consider time division
multiplexing with idle frames used in PON systems.

The coding schemes of NRZ, RZ and inverse-RZ with 50% duty cycle and

Manchester coding are considered in the baseband optical intensity modulation. Before
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the broadcast optical RF overlay channel is launched into the fiber, an optical amplifier
with noise free is used to have an input optical power of 17.7 dBm. Thus, without
considering the impact of the optical digital data channel, the optical receiver of the
broadcast optical RF overlay channel will be limited by thermal noise. The optical
receiver has thermal noise of 7.5 p4 / VHz and responsivity of 0.95 A/W. The optical
intensity modulated digital data channel has data rate of 2.048 Gb/s, and has optical
extinction ratio (ER) of 26 and 35 dB for NRZ, RZ and IRZ, and Manchester coding,
respectively. A higher ER means a higher Raman crosstalk, and thus the Raman crosstalk
is not underestimated. The fiber considered has loss of 0.22 dB/km at 1550 nm and 0.24
dB/km at 1490 nm, PMD of 0.1 ps / Jkm , effective Raman coefficient of 0.34 1/(w -km),
and group velocity dispersion (GVD) induced walk-off of 0.96 ns/km between the two
optical digital data and RF video overlay channels. The PMD correlation length of 50
meter is used to avoid underestimation of PMD influence.

The summary of system parameters is listed in Table 2.1. Because of 80 RF video
subcarrier channels, we choose a channel which suffers from the worst Raman crosstalk,
i.e. channel 2 at 55.25 MHz, to evaluate CNR in a bandwidth of 4.2 MHz. We use CNR
degradation to evaluate the impact of Raman crosstalk and RIN transfer. The
investigation is conducted in VPI Transmission Maker 7.01. Modeling of Raman
amplification process in VPI Transmission Maker is obtained with coupled equations [25].

Insertion loss of all inline components is ignored, such as coarse WDM multiplexers.
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Table 2.1 Summary of PON system parameters

Optical digital data channel

Optical RF overlay channel

Transmission fiber

Wavelength: Wavelength: PMD:
1490 nm 1550 nm 0.1 ps/km
Optical power( P, ): Optical power( P,,. ): GVD walk-off(Az):
2 dBm 17.7 dBm 0.96  ns/km
Optical ER(¢): RF overlay:
Fiber loss( @ ):
26 dB for NRZ and RZ, 80 RF video channels
0.24 dB/km at 1490 nm
and 35 dB for IRZ and Starting from 55.25 MHz,
and 0.22 dB/km at 1550 nm
Manchester Every 6 MHz
Effective Raman
RIN: RIN: coefficient( g, ):
-160 dB/Hz -165 dB/Hz
0.34 1/(W -km)
*Data rate( R, ): OML: PMD correlation length:
2048 Mb/s 3.5% 50m

"For NTSC analog simulation, we use a resolution of 0.125 MHz because video

subcarrier frequency of NTSC channels, which is 55.25, 61.25, and 67.25 MHz etc., can

be divided exactly by 0.125MHz. In the simulation, if we need a resolution of 0.125 MHz,

the time window of simulation should be reciprocal of the resolution, i.e. 8x107°second.

Because the time window multiples bite rate must be 2" in the simulation, we set data rate

of 2.048Gb/s instead of 2.488Gb/s. However, this assumption does not alter the

evaluation of Raman crosstalk.
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2.3 Modules Used for Simulation

2.3.1 Power Budget

One constraint on the video system is Stimulated Brillion Scattering (SBS) limit.
Stimulated Brillouin scattering arises from the fact that a strong optical signal
propagating in a fiber generates an acoustic wave that produces variations in the
refractive index. These index variations cause lightwaves to scatter in the backward
direction toward the transmitter. When the power is low, the effect of SBS is negligible.

Shown in Fig. 2.3, if the input power levels are greater than a certain signal level
threshold (horizontal dash line), the backscattered power (line) because of SBS will
increase steeply. After the input power (dash line) reaches the SBS limit, the additional
optical power will merely is scattered backward. As a result, the effect of SBS can
increase nonlinear noise at the receiver, and degrade CNR.

Because standard G.652 single-mode fiber has an SBS limit of 16 to 20dBm, the

input analog video signal power is set to 17.7 dBm in our investigation [26].
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Fig. 2.3 - Effect of SBS on signal power in an optical fiber

Power level of the data channel which is transmitted from the OLT at 1490 nm will
cause SRS induced noise to the 1550nm RF overlay signal. Optical power level for the
downstream digital data channel can be set from 1.5 to 5 dBm. In our investigation we set

the optical power from 0 to 4 dBm for the optical digital data channel.

2.3.2 Optical Source for PON

In the simulation, we use directly modulated laser as the CATV analog channel
optical source. This module models a laser which is driven with 80 NTSC video carrier
signals.

In the simulation, we use parameters to describe the laser including RIN (at a
specified power), linewidth, driver transconductance, laser bias, and so on. The general

1550-nm laser parameters that are used in the simulation are shown in Table 2.2,
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Table 2.2 General parameters of 1550nm laser

Name and Description Unit Default Value
Emitting Frequency THz 193.4
RIN dB/Hz -165.0
Linewidth MHz 10.0
Threshold Current mA 20
Driver Transconductance ANV 1.0/50.0
Laser Bias mA 100

Also, we use an external modulated CW laser as the optical digital data channel

optical source. Its parameters are shown in Table 2.3, including RIN (at a specified

power), and linewidth.

Table 2.3 General parameters of 1490nm laser

Name and Description Unit Default Value
Emission Frequency THz 201.2
RIN dB/Hz | -170.0,-160.0,-150.0,-140.0,-130.0,-120
Linewidth MHz 10.0

2.3.3 Modulation Index of Optical RF Overlay Channel

In general, the signal current at each subcarrier channel is fully dependent upon the

optical modulation index (OMI), “m,, ”, which is a measure of the ratio of the peak

modulation of the individual video subcarrier channel to the average optical power of RF
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overlay channel.

For a SCM system with 80 subcarrier channels, the maximum OMI for each channel
is 1/80, i.e. 1.25%. In common CATV systems, the OMI is twice or more of the
reciprocal of the channel number, i.e., summation of all the modulation indexes will give
over 100% modulation. In the practice, the individual channels are not modulated
coherently, and the signals add up statistically. As a consequence, the sum of all the
modulation indexes will not reach 100%, and the laser is operated in the linear region
[27].

In this thesis, the CATV system, which is composed of 80 video subcarrier channels,
should have OMI in the range of 3.5% to 5.0% in order to meet 48 dB or higher CNR.
When OMI is higher than 5.0%, clipping noise becomes dominant. Therefore, we only
consider the CNR degradation in the OMI range from 3.0% to 4.5%.

Shown in Fig. 2.4, the total injection current of analog CATV direct modulated laser
J(t) consists of the bias current J,, , the modulation current J_,(¢), and the laser
threshold current J,, .

According the definition of OMI, we can get optical modulation index “m,,.” of

direct modulation laser from Fig. 2.4,

I I
My, = (—’” J = 7 1 (2.13)
Ibim‘ - Ith Ith bias 1
Ith
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Fig. 2.4 - Injection current of RF directly modulated laser.

In the simulation, modulation current ,, can be calculated from equation,
Im = (Achannel x Tlaser) (2'14)

where A4, ., is signal amplitude per channel and 7,

aser

is driver transconductance of
laser.

From Table 2.2, driver transconductance is 1/50 A/V, laser bias 7, . is 100mA and

hias

bias

. I I
laser threshold current 7, is 20m,so — equalsto 4,,, and —equalsto 5.
th th

As a result, OMI of CATV direct modulation laser in the simulation can be
determined by

A cnanne,
My = % (2.15)

2.3.4 Fiber for PON Systems

According to Table 2.4, we set our simulation fiber module parameter according to
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Corning single mode fiber (SMF) that is fully in compliant with ITU-T G.652 standards

for single-mode optical fiber.

Table 2.4 Fiber parameters

Fiber
Attenuation
Type
at A, | D(C band) Slope S PMD
and 5
1490nm(1550nm) (um2) [ps/(km-nm)] | [ps/(km-nm7)] | ( ps / Nkm)
Trade
(dB/km)
Name
SMF 0.24 (0.22) 80 17 0.09 0.1

Fig. 2.5 shows the optical loss spectrum of conventional single-mode fiber that is

used in the simulation.

0.5
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Fig. 2.5 - Optical loss spectrum of conventional single-mode fiber.
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2.3.5 Data Coding Schemes

Recent analysis [19] has demonstrated the Raman effect can be mitigated by
spectrum control of the data idle pattern. During the 67% controllable time, the idle
patterns can be designed to shift the digital signal’s spectral density to regions that are
less injurious to the PON video overlay. Such improvement could eliminate the need for
low channel pre-emphasis that is commonly used today.

For a long time, NRZ has been the dominant modulation format in IM/DD
fiber-optical communication systems. Fig. 2.6 shows the block diagram of transmitter and
optical signal spectrum of NRZ. In general, NRZ modulated optical signal has the most

compact spectrum compared to that with other modulate formats.

Modulated
i EA ~ usjgwnal
» Modulator
] 0 I e 1 NRZ ..........
PRBS Coding

Fig. 2.6 - Block diagrams of transmitter and signal spectrum of NRZ.

Fig. 2.7 shows the block diagram of transmitter and optical signal spectrum of RZ
with 50% duty cycle. RZ optical signal has been found to be more tolerant to nonlinearity

than NRZ optical signal. Compared to NRZ, it has a wider spectrum because of its
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narrower pulse width.
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Fig. 2.7 - Block diagrams of transmitter and signal spectrum of RZ.

Fig. 2.8 shows the block diagram of transmitter and optical signal spectrum of IRZ.

An IRZ signal is generated by inverting the intensity level of a conventional RZ signal

with 50% duty cycle by a MZ-IM at the quadrature point of the negative slope of

transmission curve. A downstream IRZ signal has been proposed to use for wavelength

reuse for the upstream link in a WDM PON [22].
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Fig. 2.8 - Block diagrams of transmitter and signal spectrum of IRZ.
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Fig. 2.9 shows the block diagram of transmitter and optical signal spectrum of

Manchester. Compared to NRZ and RZ, it has no DC component and is easy to recover

clock.
101...1 NRZ
PRBS Coding
Y Modulated
‘ % MZ signal
i
Clock:

Fig. 2.9 - Block diagrams of transmitter and signal spectrum of Manchester.

Fig. 2.10 shows the power spectrums density of NRZ, RZ, IRZ, and Manchester

coding schemes derived from (2.8) to (2.11). Based on (2.7), we know that Raman

crosstalk is dependent on the signal power spectrums density of the digital data channel.

From Fig. 2.10 we find that IRZ has lower power density at the low frequency than RZ or

NRZ, so Raman effect of IRZ on RF video subcarrier channels is expected to be better

than NRZ and RZ. Particularly, Manchester coding has a spectrum that is centered on half

the bit-rate and has no DC component. As a result, Manchester should have little Raman

crosstalk on low frequency of RF video subcarrier channels in PON.
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Fig. 2.10 - Power spectrum density of NRZ, RZ, IRZ, and Manchester coding schemes.
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CHAPTER3 NUMERICAL ANALYSIS AND DISCUSSIONS

In this chapter, we evaluated Raman crosstalk induced CNR degradations in RF
overlay channel of PON systems considering four coding schemes: NRZ, RZ, IRZ, and
Manchester. Section 3.1 presents the spectral characteristic of Raman Crosstalk in RF
overlay channel. Section 3.2 shows the investigation of Raman crosstalk induced CNR
degradation with a virtual assumption that fiber has no PMD when polarization states of
optical video overlay and digital channels maintain in parallel or orthogonal aligned
along the fiber. Section 3.3 illustrates Raman crosstalk with the consideration of PMD, i.e.
real fiber. For this case, we investigate CNR degradation due to Raman crosstalk if
polarization states along a fiber have random evolution due to PMD. Thus, we can
evaluate the PMD impact on Raman crosstalk induced CNR degradation. Finally, we
evaluate RIN transfer impact on CNR in Section 3.4

In the evaluation of degradation, for the optical RF overlay channel we set up a
reference CNR without Raman crosstalk using parameters in Table 3.1,

Table 3.1 Reference parameters without Raman Crosstalk

RIN OVERLAY (dB/Hz) -165
OMI 3.5%

3.1 Spectral characteristic of Raman crosstalk in PON systems
In general, Raman crosstalk has the worst impact on the lowest frequency video

channels [17]. Fig. 3.1 shows the simulation result of Raman crosstalk degradation in a
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function of RF video subcarrier frequency for parallel-aligned polarization states at the
fiber input with and without PMD. Because of the walk-off of the two signal channels at
1490 nm and 1550 nm due to fiber dispersion, Raman Crosstalk effect has low-pass
characteristic, and makes the Raman impact on the lower frequency channels more
serious than the higher frequency channels.

With the consideration of the impact of PMD, the instantaneous transfer functions
vary with time, but the maximum-hold values are deterministic and has similar low-pass
characteristic [10]. For NTSC video system, the CNR degradation is the greatest at the
lowest frequency channels. Channel 2 at 55.25 MHz has the worst CNR degradation
because of Raman crosstalk. As a result, in the following evaluations, we used Channel 2

at 55.25 MHz to evaluate the CNR degradation due to Raman crosstalk.
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Fig. 3.1 - Raman crosstalk induced CNR degradation as a function of channel frequency
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in an 8.5 km fiber system for the modulation format of NRZ. The two optical channels at
1490 nm and 1550 nm have parallel aligned polarization states at the fiber input. The

other parameters are given in Table 2.1

3.2 Raman crosstalk induced CNR degradation: the worst and best cases

When PMD impact is not considered, the same polarization states maintain along the
fiber as setting at fiber input. Thus, parallel-aligned polarization states between the two
optical channels result in highest Raman crosstalk, i.e. the worst case. On the contrary,
the lowest Raman crosstalk can be obtained if orthogonal-aligned polarization states
along a fiber are set, i.e. the best case. Consequently, we obtain the upper and lower

limits of CNR degradation induced by Raman crosstalk.

3.2.1 Raman crosstalk induced CNR degradation as a function of fiber length

In this part, we measure the CNR degradation caused by Raman Crosstalk at CATV
Channel 2 (55.25MHz) as a function of fiber length.

Fig. 3.2 and Fig. 3.3 show Raman crosstalk induced CNR degradation as a function
of fiber length for parallel-aligned and orthogonal-aligned polarization states between the
two optical channels, respectively. The CNR degradation is defined a ratio of CNR
between two PON systems in which the 1490-nm optical digital data channel is turned
“on” and “off” in optical power. Thus, when the 1490-nm channel is turned “off”, the

1550-nm RF overlay channel does not experience Raman crosstalk, and otherwise the
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1550-nm RF overlay channel does.

Fig. 3.2 shows that modulation schemes of NRZ, RZ, and IRZ strongly depend on
fiber length in Raman crosstalk and the worst Raman crosstalk occurs at 8.5 km, which is
very close to theoretical prediction [15-18, 24]. The RZ format results in a ~1.4dB lower
Raman crosstalk compared to NRZ at 8.5 km. This is due to the fact that high optical
power level in bit “1” in RZ is shorter in time duration than that in NRZ and the RZ’
power density at the lower frequency is only half of the NRZ’s. Furthermore, the IRZ
format results in a ~1.3dB lower Raman crosstalk compared to RZ at 8.5 km. This is due
to the fact that the IRZ’ power density at the lower frequency is only half of the RZ’s.

However, for Manchester coding format, Raman crosstalk induced CNR degradation
is very small, less than 0.3 dB, even though parallel-aligned polarization states along the
whole of fiber are assumed. This verifies that shaping the optical spectrum of the
1490-nm optical digital data channel using Manchester coding can reduce Raman
crosstalk. This is because Manchester coding results in high frequency centered power
spectrum density, and thus the Raman crosstalk at the lower frequencies is very low [19].

CNR degradation shown in Fig. 3.2 is the worst case for this considered PON

system.
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Fig. 3.2 - Raman crosstalk induced CNR degradation as a function of fiber length for
modulation formats of NRZ, RZ, IRZ, and Manchester. The fiber is assumed no PMD.
The two optical channels at 1490 nm and 1550 nm have parallel-aligned polarization

states at fiber input. The other parameters are given in Table 2.1

Corresponding to Fig. 3.2, Fig. 3.3 shows that Raman crosstalk hardly occurs if
orthogonal-aligned polarization states of the two optical channels along the whole of fiber
never be altered. This is because Raman gain for a signal polarization state orthogonal to
the pump is less than one tenth that parallel [15, 25]. Therefore, this is the lowest Raman

crosstalk induced CNR degradation for this considered PON system, i.e. the best case.
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Fig. 3.3 - Raman crosstalk induced CNR degradation as a function of fiber length for
modulation formats of NRZ, RZ, IRZ, and Manchester. The fiber is assumed no PMD.
The two optical channels at 1490 nm and 1550 nm have orthogonal-aligned polarization

states at fiber input. The other parameters are given in Table 2.1

3.2.2 Raman crosstalk induced CNR degradation as a function of optical power of
optical digital data channel

In Fig. 3.2 and Fig. 3.3, we only consider 2-dBm optical power of the 1490-nm
optical digital data channel, which is the pump for the Raman crosstalk. To obtain the
impact of optical power of the 1490-nm optical digital data channel on CNR degradation,
we investigate CNR degradation as a function of optical power of the 1490-nm optical

digital data channel at the worst fiber length of 8.5 km. Fig. 3.4 shows CNR degradation
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for the case of parallel-aligned polarization states between the two optical channels. As
shown in Fig. 3.4, with the increase of optical power of the 1490-nm optical digital data
channel, CNR degradation increases significantly for NRZ and RZ, but for IRZ and
Manchester coding the increase is very gradual. At 3-dBm optical power of the 1490-nm
optical digital data channel, simulated CNR degradation is ~4.6 dB for NRZ, very close
to the measured [17].

That means Raman crosstalk induced by IRZ and Manchester coding is not sensitive

to the optical digital data power.

6

CNR degradation (dB)

Optical power of digital data channel (dBm)

Fig. 3.4 - Raman crosstalk induced CNR degradation as a function of optical power of
digital data channel. The two optical channels at 1490 nm and 1550 nm have
parallel-aligned polarization states at fiber input. The fiber is assumed no PMD with fiber

length of 8.5 km. The others are given in Table 2.1.
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When orthogonal-aligned polarizations states maintain along the fiber, Raman

crosstalk induced CNR degradation is negligibly small and is shown in Fig. 3.5.

5 T ! T T T ) s
4 F ,,,,,,,,,,, ,,,,,,,,,,, ,,,,,,,,, "
= : : f ?
3 3L e e e R
= : : : :
= : : : :
~— N H ! H
g T R
E 2 |t R RIS it s .
1™ ! : : H
S0 : ; : :
] : ; : :
= : : ; 1
~ d S TR S SR S
Z ; : 3 :
© | : : :
R
-1 ] ] I ] ] L ]

0 0.5 1 1.5 2 2.5 3 3.5 4

Optical power of digital data channel (dBm)

Fig. 3.5 - Raman crosstalk induced CNR degradation as a function of optical power of
digital data channel. The two optical channels at 1490 nm and 1550 nm have
orthogonal-aligned polarization states at fiber input. The fiber is assumed no PMD with

fiber length of 8.5 km. The others are given in Table 2.1

3.2.3 Raman crosstalk induced CNR degradation as a function of optical modulation
index of CATYV channel

To reduce the impact of Raman crosstalk, a technique is to use pre-emphasized RF
power in RF overlay channels. But the maximum optical modulation index is limited by

modulation dynamics of the laser and nonlinear distortion due to optical subcarrier
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modulation. From Fig. 3.6, we find when modulation index is over 4.5%, clipping noise

will increase dramatically and make CNR decrease steeply.
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Fig. 3.6 - CNR of CATV channel without Raman crosstalk as a function of modulation
index. The fiber is assumed no PMD with fiber length of 8.5 km. The digital data channel

is not considered.

The effectiveness of this technique is investigated and shown in Fig. 3.7 and Fig. 3.8
for RF channel 2. In Fig. 3.7, we consider the worst case: parallel-aligned polarization
states between the two optical channels. Fig. 3.7 shows that CNR degradation decreases
gradually with increase of optical modulation index in the range of 3% to 4.5% as
expected. Therefore, it is found that the increase of optical modulation index from 3% to

4.5% only leads to relatively a small decrease of CNR degradation induced by Raman

55



crosstalk for NRZ, RZ, and IRZ if the fiber has no PMD, i.e. parallel polarization states
maintained along the fiber. For Manchester coding the CNR degradations are below 0.5

dB, so the optical modulation index increasing has little effect on the CNR degradation.
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Fig. 3.7 - CNR degradation due to Raman crosstalk as a function of optical modulation
index of optical RF overlay channel for the case of parallel-aligned polarization states
between the two optical channels. The fiber is assumed no PMD with fiber length of 8.5

km. and the others are the same as in Table. 2.1.

When orthogonal-aligned polarizations states maintain along the fiber, Raman

crosstalk induced CNR degradation is negligibly small and is shown in Fig. 3.8.
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Fig. 3.8 - CNR degradation due to Raman crosstalk as a function of optical modulation
index of optical RF overlay channel for the case of orthogonal-aligned polarization states
between the two optical channels. The fiber is assumed no PMD with fiber length of 8.5

km. and the others are the same as in Table. 2.1.

3.3 Raman crosstalk induced CNR degradation: impact of fiber PMD
In Section 3.2, we ignore the Polarization Mode Dispersion (PMD) effect which will
make the two polarized signals-1490nm digital channel and 1550 video channel walk-off

each other. Without loss of generality, we consider a fiber with PMD of 0.1 ps / Vkm in

this section.
PMD has a random nature because of birefringence varies along the fiber randomly.

The analytical treatment of PMD is quite complex in general because of its statistical
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nature. In the simulation, we take the statistical results of each data and iterate the

simulation until an almost stable CNR is obtained.

3.3.1 Raman crosstalk induced CNR degradation as a function of fiber length

It is seen that CNR degradation as shown in Fig. 3.9 is reduced by ~1.1 and 0.7 dB at
8.5 km for NRZ and RZ, respectively, compared to Fig. 3.2. This is because polarization
states along the fiber do not always maintain parallel due to PMD, and thus Raman
crosstalk is reduced correspondingly [11].

However, for IRZ and Manchester coding, PMD does not have a visible impact on
CNR, which is obvious by comparing Fig. 3.2 and Fig. 3.9. This is due to the fact that
Raman crosstalk induced CNR degradation is negligibly small in IRZ and Manchester
coding even for the worst case, and thus PMD of course has no impact on CNR.

Moreover, with the increase of fiber length, e.g. 20 km, it is found that PMD does not
obviously reduce Raman crosstalk by comparing Fig. 3.2 and Fig. 3.9 for NRZ and RZ,
about 0.2 and 0.05 dB CNR degradation reduction due to PMD for NRZ and RZ at 20 km,
respectively. In fact, it is impossible for such a small PMD induced CNR changes to be

seen experimentally.
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Fig. 3.9 - Raman crosstalk induced CNR degradation as a function of fiber length for
parallel-aligned polarization states at the fiber input. The fiber PMD of 0.1 ps / v km , and
correlation length of 50 m were used in simulation, and the others are the same as in

Table 2.1

When orthogonal-aligned polarization states between the two optical channels at the

fiber input are set, CNR degradation as shown in Fig. 3.10 is increased for NRZ, RZ, IRZ,

and Manchester, particularly for NRZ and RZ, compared to Fig. 3.3 in which fiber PMD
is not included, i.e. the best case. This is because the orthogonal polarization states no
longer maintain along the fiber even though the polarization states at the fiber input are

set orthogonal.
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Fig. 3.10 - Raman crosstalk induced CNR degradation as a function of fiber length for
orthogonal-aligned polarization states at the fiber input. The fiber PMD of 0.1 ps / Nkm ,
and correlation length of 50 m were used in simulation, and the others are the same as in

Table 2.1

However, by comparing Fig. 3.9 and Fig. 3.10, it is clearly shown that the
orthogonal-aligned polarization states at the fiber input are still helpful for all NRZ, RZ,
IRZ, and Manchester, particularly for NRZ and RZ, in the reduction of Raman crosstalk.
If fiber length is less than 15 km the reduction of Raman crosstalk using orthogonal
polarization states at the fiber input is obvious. However, at fiber length of 20 km, the
reduction of Raman crosstalk is small, about 0.5 dB for NRZ. The reason of Raman

crosstalk reduction due to orthogonal polarization states is given as follows. The Raman
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crosstalk along the fiber is accumulated processing. Given the fact that optical power of
the 1490-nm optical digital data channel is highest at the fiber input, which will induce a
biggest Raman crosstalk, the Raman crosstalk will be reduced if orthogonal polarization
states are set in the fiber input. Also, the biggest Raman crosstalk occurs at around 8.5 km,
i.e. the worst Raman crosstalk length. The occurring probability of parallel-aligned
polarization states around fiber length of 8.5 km may be reduced when
orthogonal-aligned polarization states at the fiber input are set even though PMD
manipulates the polarization states along the fiber. This is dependent on PMD value and
PMD correlation length. If the Raman crosstalk around fiber length of 8.5 km is reduced,
the accumulated Raman crosstalk for fiber length of more than 8.5 km may be reduced.
Therefore, our results show that orthogonal polarization state setting is still helpful to
reduce Raman crosstalk to some extent if fiber length is less than 15 km.

In order to clearly show the reduction of Raman crosstalk impact using the
orthogonal polarization state setting at the fiber input, we compare Fig. 3.9 with Fig. 3.10
and obtain CNR degradation reduction by using orthogonal-aligned polarization state
setting at the fiber input, as shown in Fig. 3.11. It is found that orthogonal-aligned
polarization state setting at the fiber input results in a reduction of ~1.9 and ~1.1 dB CNR
degradation at the fiber length of 8.5 km for NRZ and RZ, respectively. However, at the

fiber length of 20 km, the reduction becomes very small, less than 0.5 dB.
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Fig. 3.11 - CNR degradation reduction due to using orthogonal-aligned polarization states
compared to parallel-aligned polarization states at the fiber input with fiber PMD of

0.1 ps / ~km . The others are the same as in Table 2.1.

3.3.2 Raman crosstalk induced CNR degradation as a function of optical power of
optical digital data channel

Corresponding to Fig. 3.4 and Fig. 3.5, Fig. 3.12 and Fig. 3.13 show CNR
degradation versus optical power of the optical digital data channel for a fiber length of
8.5 km, in which fiber PMD of 0.1 ps/ Jkm is considered. For both cases of
parallel-aligned and orthogonal-aligned polarization states at the fiber input, CNR
degradation increases with optical power of the optical digital data channel, particularly

for NRZ and RZ.
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Fig. 3.12 - Raman crosstalk induced CNR degradation as a function of optical power of
the digital data channel for parallel-aligned polarization states at the fiber input. The fiber

length is 8.5 km with PMD of 0.1 ps/ Vkm , and the others are the same as in Table 2.1.

By comparing Fig. 3.12 and Fig. 3.13, it is shown that when orthogonal polarization
state setting is used, CNR degradation is significantly reduced at the fiber length of 8.5
km, particularly for a large optical power. With the power of 1490-nm digital channel
increasing from 0 to 4 dBm, shown in Fig. 3.12, the degradation of NRZ coding scheme
increases from 1.1 to 4.4dB for parallel-aligned polarization states at the fiber input;
however, shown in Fig. 3.13, the degradation of NRZ coding scheme increases from 0.2
to 1.1dB for orthogonal-aligned polarization states at the fiber input. It is possible to

reduce up to ~3.3 dB by using orthogonal polarization states at fiber input when the
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power of 1490 nm digital channel is 4 dBm.

12 ! ! T : ! T !

CNR degradation(dB)

Optical power of digital data channel (dBm)
Fig. 3.13 - Raman crosstalk induced CNR degradation as a function of optical power of
the digital data channel for orthogonal-aligned polarization states at the fiber input. The
fiber length is 8.5 km with PMD of 0.1 ps / Jkm , and the others are the same as in Table

2.1.

3.3.3 Raman crosstalk induced CNR degradation as a function of optical modulation
index of CATYV channel

Corresponding to Fig. 3.7 and Fig. 3.8, Fig. 3.14 and Fig. 3.15 show CNR
degradation due to Raman crosstalk as a function of optical modulation index considering
fiber PMD impact. It is seen that Raman crosstalk induced CNR degradation is gradually

reduced for NRZ, RZ, and IRZ by increasing optical modulation index of the optical RF
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overlay channel as shown in Fig. 3.14. For Man

chester, a small increase of optical

modulation index does not help reduce the impact of Raman crosstalk. It is the same

situation as shown in Fig. 3.7.

2.5 ] !
[ 2 , ,,,,,,,,, ™

—_—
/M
=)
eus’
Eust i
= ——
= e ee _RZ
= — e e
: ——
Q b i
L] |
&
Z
o A S IRZ

05 b B S

—_———— e A Manchester
. | |
3 3.5 4 4.5

Optical modulation index (%)

Fig. 3.14 - CNR degradation due to Raman crosstalk as a function of optical modulation

index of the optical RF overlay channel for parallel-

input. Optical power of the digital data channel is 2

aligned polarization states at the fiber

dBm, the fiber length is 8.5 km with

PMD of 0.1 ps/ Vkm , and the others are the same as in Table 2.1.

As shown in Fig. 3.15, when polarization states are orthogonal-aligned at the fiber

input and fiber PMD is included, a larger optical modulation index does help reduce the

impact of Raman crosstalk for all NRZ, RZ, IRZ, and Manchester, particularly for NRZ

and RZ. For example, a reduction of CNR degradation from 0.6 to 0.1 dB is induced by
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increasing optical modulation index from 3 to 4.5% for NRZ.
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Fig. 3.15 - CNR degradation due to Raman crosstalk as a function of optical modulation
index of the optical RF overlay channel for orthogonal-aligned polarization states at the
fiber input. Optical power of the digital data channel is 2 dBm, the fiber length is 8.5 km

with PMD of 0.1 ps / Vkm , and the others are the same as in Table 2.1.

3.4 CNR degradation due to laser RIN transfer

The pump to signal RIN transfer is one of the major issues in fiber Raman amplifier
noise analysis [28]. In PON systems there is intensity modulation in the digital channel
and the relative intensity noise (RIN) will transfer from the pump (optical digital channel
at 1490nm) to the optical RF overlay signal at wavelength 1550 nm and degrade the

CATYV system CNR performance.
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Because RIN transfer is directly proportional to the Raman crosstalk, we consider
NRZ coding with the worst case because NRZ is the worst modulation format. Fig. 3.16
shows laser RIN transfer impact on CNR degradation for NRZ coding with fiber length
of 8.5 km without consideration of fiber PMD, i.e. an ideal fiber. In Fig. 3.16 it is also
assumed that parallel-aligned polarization states between the two optical channels are set

at the fiber input. It is clearly shown in Fig. 3.16 that RIN transfer is has negligibly small

on CNR even in the worst case.
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Fig. 3.16 - CNR degradation of NRZ coding due to RIN transfer with parallel-aligned

polarization states at the fiber input without PMD. Optical power of the digital data

channel is 2 dBm, fiber length is 8.5 km and the others are the same as in Table 2.1.
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CHAPTER 4 CONCLUSIONS AND FUTURE WORKS

In the thesis, we investigate and analyze the impact of Raman crosstalk and RIN
transfer on RF video overlay channels induced by 1490-nm optical intensity modulated
digital data channel, considering modulation formats of non-return-to-zero (NRZ),
return-to-zero (RZ), Inverse-RZ (IRZ), and Manchester coding, fiber length, optical
power, optical modulation index and fiber polarization mode dispersion (PMD).

We evaluated Raman crosstalk induced CNR degradations in RF overlay channel of
PON systems considering four coding schemes: NRZ, RZ, IRZ, and Manchester in
chapter 3. Section 3.1 presents the spectral characteristic of Raman Crosstalk in RF
overlay channel. Section 3.2 shows the investigation of Raman crosstalk induced CNR
degradation with a virtual assumption that fiber has no PMD when polarization states of
optical video overlay and digital channels maintain in parallel or orthogonal aligned
along the fiber. For the worst case of Raman crosstalk, maximum CNR degradation due
to Raman crosstalk can be up to 6, 4, and 2 dB for NRZ, RZ, and IRZ respectively
depending on optical power of 1490-nm channel and negligibly small for Manchester.
However, for the best case of Raman crosstalk, CNR degradation due to Raman crosstalk
is very small and negligible. Section 3.3 illustrates Raman crosstalk with the
consideration of PMD, i.e. real fiber. For this case, we investigate CNR degradation due
to Raman crosstalk if polarization states along a fiber have random evolution due to PMD.

Firstly, it is found that use of IRZ and Manchester coding schemes lead to a significant
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reduction of Raman crosstalk, better than pre-emphasized RF power technique. Our
investigation clearly shows that use of IRZ or Manchester will be the key technique for
the reduction of Raman crosstalk because IRZ and Manchester are insensitive to 1490-nm
optical power, fiber PMD, and RF power in Raman crosstalk. Furthermore, fiber PMD
may reduce Raman crosstalk up to ~2 dB by using orthogonal polarization states at fiber
input for NRZ and RZ at some fiber lengths, such as around 8.5 km, but for IRZ and
Manchester the Raman crosstalk is hardly impacted by fiber PMD. For ﬁber length of
more than 20 km, polarization state setting is almost useless due to fiber PMD. In Section
3.4 we evaluate RIN transfer impact on CNR. It is found that the impact of RIN transfer
can be ignored in PON systems for both worst and best cases of Raman crosstalk.

There is still a lot of work to be done in this field.

First of all, there are still many coding schemes that we can use to shape the
digital data channel power spectrum, such as phase shift key signal DPSK and multi-level
signal DQPSK. Phase shift key and multi-level signaling is more like a CW than intensity
modulated signal. This will definitely decrease Raman crosstalk in the lightwave system.
However, it requires a more complex transceiver. The detailed comparison between
optimal phase modulated signal like DPSK and multilevel signaling like DQPSK is
desired concerning both system performance and commercial realization.

Last, so far, compensation for Raman crosstalk in PONSs is done in optical domain.
If we can find a way to compensate Raman crosstalk degradation electronically, the

system design would be more flexible and more complicated signal processing in
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electrical domain at transmitter/receiver end would be applied.
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