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Abstract

This paper presents a WDM technology
for downstream HFC communication. The
technology, trademarked as LcWDM™, s a
dense wavelength division multiplexing
(DWDM) technology based on an extension
of the ITU-T Recommendation G694.1" to
the optical O-Band (1260 to 1360 nm).

An order of magnitude decrease in
wavelength  spacing (as compared to
CWDM) allows all LcWDM™ wavelengths
to be within #20 nm window about the
nominal zero dispersion wavelength (19) of
standard SMF-28 type fiber (ITU-T G.652).
This greatly reduces chirp-induced CSO due
to fiber dispersion and allows for longer
fiber spans.

This paper describes the various fiber
phenomena — both linear and nonlinear —
that limit the fiber distance and the number
of wavelengths that can be supported by the
two technologies (CWDM and LcWDM™),
Descriptions of the detailed testing of fiber
nonlinearities and how they affect system
performance as well as architectural
applications of the LcWDM™  system is
also presented.

The LcWDM™  system has been
carefully engineered to ensure that the fiber
dispersion and nonlinearities of a typical
(SMF-28) fiber, prevalent in HFC optical
node links, do not degrade the link
performance below the acceptable levels.

INTRODUCTION

Quest for Bandwidth Never Stops

The demand for bandwidth among the
customers of the telecommunications
network operators increases continuously.
On the other hand, the telecommunications
network operators today are looking at
adding services and programming to increase
revenue potential and to match the demand
for HDTV channels. This trend includes
addition of bandwidth capacity on fiber to
serve residential and commercial customers.
HFC broadband network operators are also
facing competition from satellite operators in
video services and from Telcos in all
services. Two of the most leading
challengers from this side are Verizon (FiOS)
and AT&T (U-Verse).

The continuous demand for increased
bandwidth capacity per user is forcing
segmentation of the node areas into smaller
service groups. In parallel to this trend, the
expansion of urban areas force HFC new
builds with many nodes deployed every year
to serve areas that were not served
previously. Both of these trends (demand for
higher =~ bandwidth  per  user  and
demographical expansion of urban areas)
lead to increased demand for fiber capacity
through new construction or more efficient
fiber capacity utilization. The first choice,
new fiber construction, may prove costly in
areas already equipped with fiber (at least to
the existing serving area boundaries) but
which lack dark fiber. Even at modest
construction cost per mile and average
population density, the cost per household



(served or not served) will amount to $150
and more. For downtown areas, this cost can
be much higher, even prohibitively so.

The second choice is preferred as it is an
order of magnitude lower in cost than the
cost of new fiber construction. There are
several technologies that improve the
efficiency of fiber utilization. These
technologies can help to free up fiber on fully
occupied  optical cable routes for
segmentation, serving area expansion and
even new service addition (SMB packages).

The most effective and mature
technology that has been deployed by many
operators is C-Band DWDM (1530-1565 nm)
and its distributed DWDM version. This
technology allows for practically unlimited
narrowcast bandwidth (upper octave in any
system, e.g., upper 500 MHz of narrowcast
signal in 1002 MHz systems) on 40-plus
wavelengths over a  single fiber,
supplemented by an additional broadcast
wavelength on the same fiber. In addition to
its highly efficient fiber utilization, this
technology allows for practically unlimited
distance (100 plus km up to the DOCSIS
latency limits).

DWDM technology, aided by TDM in
digital reverse links, has been used for
increasing the efficiency of fiber utilization
for upstream communication in long-distance
or on extremely fiber-starved routes.

At the other extreme of the fiber
utilization efficiency spectrum are single-
wavelength systems: either 1310 nm directly
modulated DFB laser links in downstream
and upstream transport, which have limited
distance of 40 km if no passive loss is
present, or 1550 nm eternally modulated
laser links in downstream communication.

The most recent WDM technologies that
are being introduced by vendors for

downstream HFC communication are
CWDM and LcWDM™., These technologies
try to close the gap between the two extremes
described above.

The coarse  wavelength  division
multiplexing (CWDM) technology was
introduced to increase efficiency of fiber
utilization in shorter fiber runs and where the
lower number of wavelengths per fiber was
sufficient. CWDM  wavelengths are
specified in an ITU-T Recommendation
G.694.2°. This document specifies up to 18
wavelengths between 1271 nm and 1611 nm
with 20 nm wavelength spacing. In most
applications on older fiber with higher water-
peak loss, only 15 wavelengths can be used.

This technology has been successfully
used in the upstream path, both analog (40km
links) and digital (where it is not distance
limited to 40 km) and for digital downstream,
providing Ethernet links (data, T1 over IP
and VoIP) for SMB services.

Downstream CWDM versus LcWDM™
Distance/Capacity Limits

In downstream communication, where
the optical transmitters are used for
transporting SCM (sub-carrier multiplexed)
analog video and QAM signals, two major
challenges significantly limit the use of
CWDM technology®. One of them is the
high level of dispersion (see Figure 1) in
SMEF-28 fiber at CWDM wavelengths other
than 1311 nm. This fiber type has been
dominant in access plant deployment in HFC
networks.  The high dispersion, resulting
from the large 20 nm CWDM wavelength
spacing, combined with the chirp of directly
modulated laser transmitters, results in high
levels of CSO. The other technical hurdle is
the high level of crosstalk between CWDM
wavelengths on the same fiber due to SRS
(see Figure 2) and XPM phenomena.
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Figure 1: Dispersion Characteristics of
SMF-28 Fiber

High dispersion limits the fiber span
lengths to 15 km even for the two CWDM
wavelengths closest to the nominal zero-
dispersion wavelength. This limit can be
increased only with sophisticated and
complex dispersion compensation and/or
mitigation technologies, which increase the
cost of the transmitter. Use of very low chirp
lasers, dispersion pre-distortion techniques
(in distance intervals) and passive dispersion
compensation techniques are a few examples.
However, these are even more complex than
techniques used in the DWDM systems
described above as they have to be effective
with analog channel load across the entire
forward RF spectrum, which spans several
frequency octaves. Moreover, some of the
remedies increase sensitivity to other fiber
induced impairments that require additional
techniques to neutralize (e.g., low chirp
lasers are subject to lower SBS threshold and
higher 1IN unless SBS suppression and 1IN
neutralization techniques are deployed).

SRS-induced crosstalk limits the total
power allowed into the fiber for wavelength
separations larger than 20 nm. Note that in a
three-wavelength  CWDM  system, the
separation between the two extreme
wavelengths is 40 nm. Since SRS crosstalk
increases in severity for larger wavelength
separations (up to 13 THz frequency
separation — equivalent to about 80 nm
wavelength separation at 1310 nm and 110
nm wavelength separation at 1550 nm), this
affects CWDM systems and further limits

the allowed fiber distance (loss budget) in
CWDM  systems with more than two
wavelengths.
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Figure 2: Raman Gain for Three Different
Pump Wavelengths

An alternative technology, trademarked
as LcWDM™,_ is based on extension of the
ITU T.G694.1 standard to the optical O-Band
(1260-1360nm). All wavelengths used in
this system are within a 20 nm window
about the nominal zero dispersion
wavelength (A) of standard SMF-28 type
fiber (ITU-T G.652). Each set of
wavelengths is engineered for a total
difference between the extreme wavelengths
not to exceed 15 nm. This significantly
lowers the rate of dispersion accumulation



with distance and results in lower dispersion-
induced CSO in longer fiber spans.
Moreover, by placing all wavelengths closer
together, SRS crosstalk is minimized even at
low RF frequencies.

IMPAIREMNTS IN OPTICAL LINKS
CAUSED BY LINEAR AND NONLINEAR
FIBER PHENOMENA

Nonlinear and Linear Fiber Phenomena

Downstream HFC optical transport links
involving analog video and digital video
QAM SCM (subcarrier multiplexed) RF
channels carry signals that are extremely
sensitive to fiber effects that give rise to
noise (CNR degradation) and nonlinear
signal distortions — primarily second order,
which results in CSO degradation. System
degradation to varying degrees is observed
due to the following linear and nonlinear
effects:

1. Fiber Chromatic Dispersion (CD)

2. Interferometric Intensity Noise (IIN)

3. Fiber Nonlinearities
a. Inelastic Scattering with Phonons
i. SBS (Stimulated Brillouin Scattering)
ii. SRS (Stimulated Raman Scattering)

b. Nonlinear Refractive Index
i. Cross-Phase Modulation (XPM)
ii. Self-phase Modulation (SPM)
iii. Four Wave Mixing (4WM)
iv.Optical Kerr Effect and Polarization
Dependent Loss (OKE/PDL)

4. Higher-order interactions of the above
phenomena

The phenomena listed above are well
described in the literature. This paper will
focus on the impact they have on the
performance of different optical link
technologies and then concentrate on the
LcWDM™ - technology based  system
performance in  presence of those
phenomena.

The dominant impairments caused by
fiber in multiwavelength systems are
crosstalk and second order RF distortions
(CSO). The challenge in designing the
multiwavelength system and its components
(active and passive) is to minimize these two
impairments while maintaining acceptable
CNR, CTB and BER/MER performance of
the transported signals. This is achieved by
balancing the effects listed above.

Fiber Phenomena and Multiwavelength
Optical Transport Systems

As mentioned above, the three major
multiwavelength systems available (some of
them widely deployed) for downstream links
to optical nodes are:

1. 1550 nm broadcast with externally
modulated lasers, together with 1550
DWDM narrowcast overlay on directly
modulated lasers

2. CWDM directly modulated lasers

3. LcWDM™ directly modulated lasers

Each of these systems is affected
differently by fiber phenomena. Table 1
compares these impacts and lists some
remedies implemented in these systems to
limit or neutralize the contribution of the
fiber phenomena to system performance
degradation.



Table 1: Impact of Linear and Nonlinear Fiber Phenomena on Different Optical Transport

Systems to Optical Nodes

Fiber Its Impact on
Phenomenon | 1550 BC/1550 DWDM NC Overlay CWDM LcWDM™
1550 nm BC 1550 nm NC (40
wavelengths)
Chromatic No real impact Significant impact Significant impact No significant impact
Dispersion unless for very neutralized by (no simple remedies, | if laser chirp is
long distance (due | frequency allocation low chirp lasers may [ optimized for both
to SBS and/or dispersion require SBS chromatic dispersion
suppression predistortion (cost suppression circuitry | levels and fiber IIN
system) impact). Other and IIN suppression
methods (e.g., dithering)
selection of low chirp
lasers) may require
additional remedies.
1IN No impact (IIN is | The same order of The same order of The same order of
below the lower magnitude as for magnitude as for magnitude as for
forward directly modulated directly modulated directly modulated
bandwidth 1310 nm DFB lasers 1310 nm DFB lasers | 1310 nm DFB lasers
frequency) unless low chirp
lasers are selected to
lower the impact of
chromatic dispersion
SBS Neutralized to the | No impact for No impact for No impact for
SBS threshold by | standard chirp lasers standard chirp lasers | standard chirp lasers
SBS suppression | in the range of optical | in the range of in the range of optical
methods fiber launch powers optical fiber launch fiber launch powers
powers
SRS NA (other No significant impact | Significant impact No significant impact
wavelengths have | for QAM channels. for 3 and higher on QAM channels
different RF number of and analog channels
frequencies) wavelengths per as long as analog
fiber channels are the same
XPM NA (other Not a dominant source | Not a dominant Contributes to
wavelengths have | of crosstalk source of crosstalk crosstalk for lower
different RF separation
frequencies) wavelengths
4WM No impact No impact Limited impact Measurable impact
(under very unlikely [ neutralized by the
scenario) system design

MECHANICS OF DEGRADATION OF

OPTICAL LINK PERFORMANCE

Chromatic Dispersion and Related Chirp

Penalties

characteristic of SMF-28 fiber is shown in

Figure 1.
Variations in group velocity with
wavelength ~ combined  with

periodic

Chromatic dispersion refers to the
variation in group velocity with wavelength.
This characteristic is well-described by the
Sellmeier equation, and a typical dispersion

wavelength shifts due to laser chirp in a
directly modulated transmitter results in CSO
distortion of analog signals®. This
dispersion/chirp-induced CSO increases very
rapidly with dispersion, even for a 20km



system, as shown in Figure 3. Several plots
are shown for laser chirp (at 100% OMI
modulation) ranging from 0.5 GHz to 10
GHz.
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Figure 3: Chromatic Dispersion
Accumulation with Wavelength (20 km of
SMF-28 Fiber)

Note that even with CSO specifications
relaxed to —60 dBc, CWDM systems are
limited to three wavelengths (1291nm,
1311nm and 1331nm) due to
dispersion/chirp-induced CSO for a typical
100% OMI laser chirp of 5 GHz for 8§ dBm
lasers. This is under the assumption that the
average zero dispersion wavelength A in the
link is equal to the nominal zero dispersion
wavelength. The CSO will degrade further
for one of the CWDM wavelengths if the A
in the link is offset from the nominal value.
Moreover, this CSO will cascade with optical
link CSO generated by other mechanisms
(including laser transmitter CSO).

Crosstalk Due to Stimulated Raman
Scattering

SRS refers to optical gain experienced by
one wavelength signal at the expense of
another shorter-wavelength signal. Although
the transfer of optical power is from the
short-wavelength signal to the longer-
wavelength signal, this transfer is modulated
by the product of the optical power of both
wavelengths, leading to leakage (crosstalk)
of the RF signals in both directions at almost
the same level. The coefficient of the
product term is denoted by g, the Raman gain
coefficient. ~ The Raman gain coefficient

increases as the frequency difference
between the two interacting signals
increases, and reaches a peak at around 13
THz (see Figure 2a). Although the gain peak
occurs at a fixed frequency difference of 13
THz when plotted against frequency shift,
the position of the peaks vary for different
pump wavelengths (i.e., the shorter of the
two interacting wavelengths) when plotted
against wavelength shift as in Figure 2b. The
Raman gain increases for wavelength
separation up to 80 nm for a pump near 1310
nm, and up to 110 nm for a pump near 1550
nm. Furthermore, the amplitude of the
Raman gain decreases according to well-
known scaling rules as the pump wavelength
moves towards longer wavelengths as shown
by the three curves in Figure 2b.

SRS-induced crosstalk can be extremely
high at low RF frequencies as shown in
Figure 4 for 55 MHz. For typical system
parameters (+10 dBm/ch launch power, 1310
nm pump, 25 km fiber distance) the SRS-
induced crosstalk can exceed —40 dBc for
wavelength separations larger than 30 nm.
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Figure 4: SRS-Induced Crosstalk



Cross-Phase Modulation (XPM)

At high RF frequencies (around 500
MHz) and small wavelength separation, the
crosstalk does not vanish as predicted by
Figure 4 due to the effect of another fiber
nonlinearity, namely cross-phase modulation
(XPM). This nonlinearity is caused by the
nonlinear refractive index — modulation of
the fiber refractive index — which causes
modulation of one wavelength to induce
phase changes in the other wavelengths. This
induced phase modulation in conjunction
with fiber dispersion results in crosstalk from
one wavelength to another.

Fiber dispersion is therefore a necessary
ingredient for XPM-induced crosstalk; XPM-
induced crosstalk increases with increasing
fiber dispersion and decreasing wavelength
separations.  Like other refractive index
nonlinearities, = XPM-induced  crosstalk
depends strongly on the group velocity
mismatch (or “walkoff”) between the
affected wavelengths, which is approximated
by the product of the fiber dispersion times
the wavelength separation.

The actual crosstalk observed in a
multiwavelength system depends on the
relative magnitude and phase of the SRS-
induced and XPM-induced crosstalk’. While
optical crosstalk from other wavelengths
appear at the same location (under each
analog carrier) as CTB distortion (which
arise from other RF carriers in the same
optical wavelength), the CTB can be
differentiated from the crosstalk as it is
composed of a large number of discrete RF
beat products that are slightly offset from
each other.

At this high level of crosstalk (see SRS
crosstalk in Figure 4 and XPM crosstalk
addition), two major network design
limitations must be observed:

1. All analog signals on multiple
wavelengths on the same fiber must be
the same (the same content at the same
frequencies). This limitation allows for
lowering the requirements for crosstalk
levels.

2. Even for the same signals, multipath
effect must be accounted for (from Figure
5, for =35 dBc of crosstalk, only 100 to
250 ns differential delay is allowed for
signals traveling on different wavelengths
on the same fiber — this translates to 80 to
200 feet of a typical RF cable in the
headend combining network).

Four Wave Mixing (4WM)

Four-wave-mixing is another result of the
fiber refractive index nonlinearity that results
in three optical signals at distinct frequencies
fi, fj, and fi interacting as they propagate
along a fiber to give rise to a fourth optical
signal at frequency fijx = fi+fi—f — similar to
a third-order “beat product” in RF systems.
The mixing product at frequency fij is said to
be non-degenerate if i£#K (i.e., the mixing
product is generated by three distinct
signals). It is possible for 4WM to occur
with only two optical signals present (at
frequencies fi and fj), giving rise to a so-
called “partially-degenerate 4WM”
(PD4WM) products at frequencies fjjj and fj;.

The mixing efficiency of the 4WM
process is maximized when the phase-
mismatch parameter is zero. The relative
4WM power Pijy/Pout generated by three
polarization-aligned signals with the same
fiber launch power Pi, and fiber output
power Poyt can be easily calculated from a

simple equation®. The same slightly
modified equation can be used for the case of
PD4WM mixing products.

The equations for the mixing products are
valid only so long as they are small enough



that the “pump power” in the original signals
is not depleted. Even so, they predict that
very large mixing products can be generated

le—p!

100 to 250 ns

at power levels of +10 dBm/ch if the fiber
dispersion is low since the corresponding
phase-mismatch parameter is then also small.
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Figure 6 shows the calculated power
levels of 4WM and PD4WM mixing
products as a function of the phase-mismatch
parameter for +10 dBm/ch launch power and
20 km fiber distance.

Note that relative mixing products as
high as —20 dBc can be generated if the
system is not designed properly. Figures 7a
and 7b show the input and output spectra,
respectively, of an actual 5-wavelength
system, demonstrating that such high levels
of 4WM and PD4WM can indeed be
obtained in not optimized systems.
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With N=5 wavelengths, there are a total
of N2(N-1)/2 = 50 mixing products
generated. Even though it is possible to
design the system so that none of the mixing
products fall on any transmission wavelength
and hence there is no crosstalk caused by
ingress of 4WM power into any wavelength,
there will still be egress of power out of each
wavelength.

In fact, each wavelength is supplying
power into a total of (N-1)#(3N-2)/2 = 26
mixing products. Since this egress power is
proportional to P;PjPx, where each of the P

term is composed of 79 analog channels,
egress of power out of a wavelength
generates a multitude of second and third
order intermodulation distortion products and
degrades the CSO (and to a lesser extent, the
CTB) performance of the wavelength.

LcWDM™ SYSTEM TEST RESULTS

Test Setup

LcWDM™ gystems with two to eight
wavelengths were tested in a setup similar to
that presented in Figure 8. Each transmitter
is loaded with 79 channels of CW carriers
from 54 to 552 MHz and 75 channels of 256-
QAM signals from 552 1002 MHz. Matrix 1
is used to drive the wavelength under test
while Matrix 2 drives the other transmitters
with other wavelengths (all wavelengths are
tested for performance). This is necessary to
measure crosstalk from the other optical
wavelengths due to SRS, 4WM and XPM. If
it 1s desired to test only the CTB for the
particular wavelength, then the same signal
source can be connected to all transmitters.

A polarization controller is attached to
each transmitter and the worst-case settings
are found prior to each measurement.
Testing was performed on several dozen
spools of fiber covering a wide range of fiber
parameters.

Initial testing started with just two
wavelengths in order to test the basic theory.
With just two wavelengths present, it is quite
easy to model the performance of each
wavelength.  This allows calculating the
strength of each mixing products, in which
the particular wavelength is involved and
hence the CSO and CTB degradation
contribution of each of them. The baseline
performance of each single wavelength
without fiber is used as a reference.
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Figure 8: Test Setup for Multi-Wavelength LcWDM™ System

Figure 9 shows a 3-D surface that
describes the strength of the PD4WM
products for a system where one channel is
fixed at A,=1308 nm. The x-axis is the zero-
dispersion-wavelength Ay and the y-axis is
the wavelength A; of the second channel. The
fiber distance has been assumed to be 25 km
and the power level to be +10 dBm/ch.

Note that as the phase-mismatch
approaches zero, PD4WM product power
rises sharply.  Also, when wavelength
separation is small, the PD4WM power
remains high over a much larger range.
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Figure 9: Modeling PD4WM Power




Figure 10 shows the results of testing
with a fixed wavelength at A,=1311.5 nm.
The x-axis is the wavelength A; of the second
channel, which is varied from 1307 nm to
1314 nm. Good correlation is seen between
the observed PD4WM power and the
calculated values.

Figure 11 shows the same system but
over a different fiber. Measurements are

made as A; is varied from 1307 nm to 1314
nm. Again, there is very good correlation
between theory and measurements. Note
also that the PD4WM power level remains
high over a much wider range of A; values.

Tests on 3-, 4-, 5- and 6-channel systems
also showed very good agreement with
theoretical models. The tests will be also
expanded to 8 wavelengths.
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LcWDM™ SYSTEM DESIGN
CHALLENGES

The LcWDM™ design took into account
the theoretical modeling results and
extensive testing results of the nonlinear and
linear fiber phenomena and their effect on
analog and digital QAM signal performance
transmitted on multiple wavelengths. Two
major parameters that posed the design
challenges were crosstalk and second order
(CSO) distortions. The LcWDM™ system
was optimized to meet the requirements for
these two parameters while securing
acceptable performance for CNR, CTB and
MER/BER. Achieving this goal required
balancing the fiber effects described
previously®.

Crosstalk

Three major fiber phenomena cause
inter-wavelength crosstalk:
1. SRS

2. XPM
3. 4WM ingress

The optimization of the first two is
difficult as the requirements to minimize
SRS crosstalk most of the time conflict with
the requirements to minimize XPM crosstalk.
Fortunately, SRS crosstalk is highest at lower
RF frequencies and XPM crosstalk is highest

at highest RF frequencies. = Moreover,
LcWDM™  system  has a  significant
advantage as the separation between
wavelengths are relatively small (in

comparison to CWDM system) and hence

SRS crosstalk is low while XPM crosstalk

affects mostly QAM channels. As long as

the two assumptions:

I. All analog signals on multiple
wavelengths on the same fiber are the
same, and

2. Multipath effect is accounted for;

(as explained above) are met, these two

effects do not limit the application of the

system.  Moreover, the third effect is



completely eliminated by LcWDM™ system
design. Additional contributors to crosstalk
(e.g., OKE-PDL interaction) are being
controlled by system component selection
and specification.

Second Order Distortions (CSO)

Two major phenomena contribute to
degradation of the CSO in analog
multiwavelength links:

1. Linear effect of chromatic dispersion
resulting in chirp-related penalty, and
2. 4WM egress.

The first effect is minimized in
LcWDM™ gystem by the proximity of the
wavelengths to  the  zero-dispersion-
wavelength Ay of SMF-28 fiber that is
predominant in optical links to the nodes.
Moreover, the laser chirp is managed to
optimize both CSO and IIN contribution.
The second effect is minimized by the system
design. The 4WM egress in extreme cases
causes CTB degradation but if the CSO
degradation is under control, CTB

1310 TX
Technology SMF-28 Fiber
AT3310 (or equivalent)

degradation is negligent (see Figures 10 and
11).

APPLICATION OF LcWDM™ SYSTEM
FOR NODE SEGMENTATION AND
SERVICE AREA GROWTH

Figures 12 illustrates the wuse of
LcWDM™  technology for downstream
transport in conjunction with CWDM
technology and digital technology for
upstream transport to segment an initial node
into 5 forward and reverse segments using
only two fibers. Additional node is added to
split a node leg that served a high number of
households. Sixth node is added (in future)
for the new growth area. The upstream fiber
is not shown here but at the discretion of the
operator, the same fiber that is used for
downstream transport can be used for
upstream  transport (see  Figure 13).
Alternatively, the second fiber can be used
for upstream transport (this will yield longer
reach as combining and de-combining filter
loss is eliminated from the downstream
path).
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Figure 12: LcWDM™ System Applied for Area Segmentation and Service Area Expansion
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Figure 13: LcWDM™ Downstream System in Combination with CWDM/Digital Upstream
System to Serve 8 Forward and 8 Reverse Segments on Single Fiber

CONCLUSIONS

LcWDM™ systems close the
performance and cost gap between single
wavelength optical links based on 1310 nm
directly modulated DFB laser technology and
DWDM 1550 nm systems based on
externally modulated technology  for
broadcast links and directly modulated DFB

technology for narrowcast overlay. They are
much more immune to both SRS-induced
crosstalk and dispersion-induced CSO than
CWDM systems. This allows for extending
their reach and increasing the number of
wavelengths per fiber. The fiber length
dispersion limits are doubled. The
LcWDM™ systems allow for cost-efficient
node area segmentation on a single fiber. In



combination with CWDM (15 wavelengths
after exclusion of water peak and 12
wavelengths after exclusion of CWDM
windows occupied by LcWDM™
wavelengths traveling on the same fiber) and
digital TDM technology in upstream,
LcWDM™  systems can support 6 to 8
forward segments and 24 upstream segments
on a single fiber. This allows not only for
segmentation of the area but also for node
addition in the growth areas without the need
for fiber construction on the existing fiber
routes. In fact, it allows for fiber recovery to
support commercial and other services and
generate incremental revenue.

402
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Figure 14: Capacity/Distance Limits of
Various WDM Technologies for
Downstream HFC Optical Transport

A critical advantage of the technology
described in this paper is its simplicity. The
transmitters carry entire forward load from
54 to 1002 MHz on the same wavelength and
in this sense are equivalent in operation to
1310 nm  directly modulated DFB
transmitters. The LcWDM™ system design
follows the same rules as the design of a
system with 1310 nm DFB lasers, taking into
account the required input level to the node
and power budget of the link (including fiber
and passive component losses).  After
accounting for these design rules, the 30 km
fiber length limit is rarely reached if more
than two wavelengths are used for
downstream transport.
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