
BENEFITS OF ICE6 FOR 
CHALLENGING TERRESTRIAL 
NETWORKS 

 ■ Address long and high-loss spans with 
LC-PCS, including a super-Gaussian 
option for high-power scenarios and a 
high-gain 33% overhead FEC option 

 ■ Overcome the challenge of low 
chromatic dispersion in G.655 fibers 
and the resulting high nonlinearities 
with LC-PCS and 4D/8D modulation 
formats

 ■ Enable high ROADM cascades with 
a tuneable baud rate, tight roll-off, 
Nyquist subcarrier-enabled DBA, and 
digital PDL mitigation

 ■ Avoid the loss of signal and bit errors 
that can be caused by lightning strikes 
on aerial fiber with ultra-fast SOP 
rotation tracking

 ■ Deliver 400 GbE services over 
challenging networks with both 
bandwidth virtualization and FEC gain 
sharing across two wavelengths

ICE6 for Challenging 
Terrestrial Conditions
Maximize Performance on Any Terrestrial Network
Leveraging ultra-high baud rates, high modem SNR, and advanced features including long-

codeword probabilistic constellation shaping (LC-PCS) and second-generation Nyquist 

subcarriers, Infinera’s ICE6 and ICE6 Turbo optical engines have been able to demonstrate 

stellar capacity-reach and spectral efficiency under ideal conditions. Ideal conditions might 

include 60- to 80-km fiber spans, the latest low-loss G.652 fiber buried deep underground, 

and a favorable ratio of ROADMs to in-line amplifiers (ILAs). However, many networks do 

not benefit from such benign conditions. This application note focuses on how ICE6 and 

ICE6 Turbo can address the challenging conditions found in many terrestrial networks. For 

information on ICE6’s performance in challenging submarine conditions, see the ICE6 for 

Submarine Networks application note.

Challenge 1: High Span Losses Equal Low OSNR
Amplified spontaneous emission (ASE) noise is caused by the spontaneous de-excitation 

of excited erbium electrons in erbium-doped fiber amplifiers (EDFAs). Longer spans require 

more powerful amplification, resulting in higher ASE noise. The accumulated ASE noise 

from high-loss spans can result in a low optical signal-to-noise ratio (OSNR) at the receiver, 

which limits wavelength capacity-reach and spectral efficiency. This especially can be the 

case when high span losses force the EDFA to operate outside its sweet spot or if bad 

reflections prevent the effective use of Raman amplification. High span losses are caused 

by high attenuation per kilometer, long spans, or, more typically, some combination of 

these two factors.

High Per-kilometer Fiber Attenuation
Attenuation in optical fibers is measured in dB/km and is caused primarily by the 

absorption of energy as light travels through the fiber and the scattering that occurs when 

the light hits particles in the fiber. Newer G.652 fiber typically has attenuation in the 0.18 to 

0.20 dB/km range, while older fiber is typically closer to 0.25 dB/km. However, attenuation 

significantly in excess of 0.25 dB/km is possible. Losses of up to 1 dB/km have been seen 

in geographies with loosely regulated construction leading to the accumulation of fiber 

repair splices. Factors that can increase the per-kilometer attenuation of fiber include: 

 ■ Splices for installation – due to the limited length of fiber reels used for terrestrial 

deployment, splices are often required every few kilometers

 ■ Splices for repair – where a fiber has been cut and then repaired, a poor-quality 

splice can significantly increase attenuation

 ■ Fiber additions for repair – additional fiber may need to be spliced in during the 

repair process

 ■ Connectors – dirty or poor connectors at the location of the DWDM hardware and 

the optical distribution frames can increase attenuation

 ■ Bending – micro and macro fiber bending, again most commonly in the same 

physical location as the DWDM hardware and the optical distribution frames, can 

also increase attenuation
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Long Fiber Spans
In addition to per-kilometer fiber attenuation, the other factor that determines span loss is the length of the span. Long-haul reach can typically 

be maximized, resulting in minimized equipment CapEx, when all spans are in the 60- to 80-km range. However, in Infinera’s extensive long-

haul experience, longer spans are not uncommon. A key driver for longer spans is the operational cost savings enabled by a reduction in the 

number of sites that must be leased, cooled, and powered. Another factor driving the use of longer spans is the availability of sites for ILAs. If 

these sites do not exist and it is cost-prohibitive to build them, then the operator may have no choice but to build its network with long spans.

A primary reason that long span lengths and their resulting high losses are critical is that OSNR decreases dramatically once the sweet spot of 

the EDFA is exceeded. As shown in Figure 1, once span loss increases above the ~15-20 dB threshold, the OSNR of the EDFA starts to decrease 

dramatically as the receive power drops to a level closer to the ASE noise, and the ASE noise and DWDM channels both get amplified. After the 

next span, this process is repeated, and the ASE noise of the previous spans and the current span are amplified, resulting in a further lowering 

of the OSNR. 

Span Loss Changes over Time
Fiber length and loss can also increase over time. For example, as discussed previously, additional fiber may need to be spliced in during the 

repair process. Changes in temperature can cause the optical fiber to be stretched as the metal in the cable expands at a higher rate than the 

fiber, leading to both micro bends and increased length. The weight and pressure of aerial fiber can also cause span length, and therefore 

loss, to increase over time. Finally, high point pressures created in earthquakes along with micro and macro bends can significantly increase 

attenuation.

Potential Mitigation Strategies: High Transmit Power and Raman Amplification
One potential strategy to overcome high span loss is to increase the wavelength transmit power. However, this transmit power alters the 

refractive index, the speed at which light travels through the fiber, through the Kerr effect. Changes in the refractive index result in nonlinear 

penalties such as cross-phase modulation (XPM), where one wavelength modulates the phase of neighboring wavelengths, and self-phase 

modulation (SPM), where the phase of the wavelength itself is modulated. Higher power results in higher nonlinearities and eventually becomes 

counterproductive. 

Another mitigation strategy is to use Raman amplification, which works by shooting a powerful laser into the fiber with a lower wavelength (e.g., 

around 1420 nm for C-band Raman amplification) than the transmission spectrum (e.g., 1528 to 1567 nm for the extended C-band) to cause 

stimulated Raman scattering (SRS) that serves to amplify the transmission spectrum. However, this comes at a CapEx cost, involves some 

operational challenges and risks such as laser safety, and has its limits in terms of the ability to make longer spans look like ~60-80-km “sweet 

spot” spans. Furthermore, reflections, which primarily occur due to bad splices causing the light to be reflected back on itself, can severely 

impact Raman performance. In fact, bad reflections can even prevent the use of Raman amplification altogether at the risk of permanent 

damage to the fiber and network equipment.

~15-20 dB Span Loss (dB)

Span OSNR (dB)
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Figure 1: Span OSNR vs. span loss (typical EDFA amplifier)



Addressing Challenge 1: ICE6 and High-loss Spans/Low OSNR
ICE6 includes multiple features that enable superior performance in the face of high-loss fiber spans that would otherwise result in low 

OSNR. Unlike conventional modulation, where each constellation point has the same probability of being used, probabilistic constellation 

shaping (PCS) uses the lower-energy/-power inner constellation points more frequently and the higher-energy/-power outer constellation 

points less frequently. By adjusting the probabilities, PCS provides the option of fine bits-per-symbol granularity, enabling a far smoother 

capacity-reach curve than conventional QAM modulation. Furthermore, for the same average wavelength power and spectral efficiency, 

there is greater Euclidean distance between the constellation points relative to conventional QAM, as shown in Figure 2, which increases 

tolerance to the ASE noise from the amplifiers.

Conventional QAM
(PM-16QAM = 8 bits/symbol)

Probabilistic Constellation Shaping
(PM-PCS-64QAM at 8 bits/symbol)

Constant Power
and Spectral E�ciency

ICE6’s 64QAM-based PCS leverages a long codeword, with 1,000+ symbols vs. ~100 symbols in typical competitor implementations. 

This makes it easier for the distribution matcher, shown in Figure 3, to find a bits-to-symbol mapping with the desired symbol distribution, 

and takes ICE6’s long-codeword PCS gain close to the theoretical maximum. In addition, ICE6 supports a super-Gaussian probability 

distribution with lower kurtosis, the variation in the power levels of the symbols, that provides improved nonlinear performance in scenarios 

with high wavelength power. Low-order modulation formats, including QPSK with 4 bits per symbol and hybrid 4/3QAM with 3.5 bits per 

symbol, shown later in Figure 13, can also be useful for high-span-loss scenarios, as can ICE6’s high-gain 33% overhead FEC option and 

unique SD-FEC gain sharing. With SD-FEC gain sharing, the errors of a more-challenged wavelength are shared with a less-challenged 

wavelength to equalize the FEC gain, thus maximizing the capacity of the more challenged wavelength. 
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Challenge 2: Low Chromatic Dispersion/G.655 Fiber
Chromatic dispersion occurs because different frequencies travel at different speeds through the fiber. Even different frequencies of 

the same wavelength travel at slightly different speeds and eventually distort the signal, as illustrated in Figure 4. Before the advent of 

coherent optical technology, which can digitally compensate for dispersion in the digital signal processor (DSP), chromatic dispersion was a 

key challenge for direct detect (i.e., 10G) wavelengths.
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Figure 2: PCS increases the Euclidean distance between constellation points

Figure 3: ICE6’s long codeword maximizes PCS gain



In the pre-coherent era, the industry took a number of approaches to address this challenge for terrestrial networks. One approach was 

the development and deployment of G.655 non-zero dispersion-shifted fiber (NZDSF) with low chromatic dispersion. After G.652, G.655 

is the second most common fiber type in terrestrial networks, with brands such as Lucent TrueWave RS, TrueWave Classic, and TrueWave 

REACH; Corning LEAF and SMF-LS; and TeraLight. Another complementary approach was the deployment of dispersion compensation 

modules (DCMs), typically leveraging fiber with negative chromatic dispersion or, less commonly, fiber Bragg gratings.

In the coherent era, somewhat counterintuitively, low chromatic dispersion is actually a disadvantage. By causing the wavelengths to travel 

at slightly different speeds, chromatic dispersion reduces the time correlation between symbols in neighboring channels, thus reducing 

the buildup of nonlinear penalties. This makes optical networks based on G.655 fiber and optical networks that retain their DCMs very 

challenging for high-performance coherent transmission in terms of nonlinearities.

Addressing Challenge 2: ICE6 and Low Chromatic Dispersion/G.655 Fiber
ICE6 has multiple features that enable high performance even in the presence of low chromatic dispersion. LC-PCS, as previously 

discussed, enables greater Euclidean distance between the constellation points for the same power and spectral efficiency, thus 

providing improved ASE noise tolerance. Alternatively, for the same ASE noise tolerance as conventional QAM, less wavelength power is 

required, and therefore nonlinearities are lower. ICE6 also contains advanced nonlinear compensation circuitry. And, while primarily used 

for dispersion-managed subsea applications, multi-dimensional 4D and 8D modulation formats (see the ICE6 for Submarine Networks 

application note for details) that minimize nonlinearities at lower bits per symbol provide another option for the most challenging low-

chromatic-dispersion scenarios.

Challenge 3: High ROADM Cascade
ROADMs have been widely adopted by network operators due to benefits including faster wavelength provisioning, simplified planning, 

extended reach with wavelength power optimization, and the option of optical restoration schemes that increase network availability. 

However, ROADMs also create challenges for coherent transmission due to the wavelength-selective switch (WSS) passband, filter 

narrowing, polarization-dependent loss (PDL), and additional ASE noise created when amplification is used to compensate for losses 

inside the ROADM. In addition to the number of nodes and performance of the ROADMs, the ratio of ROADM to ILA nodes will also impact 

ROADM cascade penalties.

WSS Passband
The spectral width of a wavelength is directly proportional to the baud rate, with the exact spectrum equal to the baud rate plus a 

percentage of “roll-off,” which is a function of its spectral shape, as shown in Figure 5. The ROADM passband, including any filter narrowing 

effects due to ROADM cascade, therefore limits the maximum baud rate of the wavelength.

Spectral Width in GHz = Gbaud (+ Roll-o�)

Frequencies

Power
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Figure 4: Chromatic dispersion was a key challenge in the pre-coherent era

Figure 5: A wavelength’s spectral width is proportional to baud rate



Figure 6: Passband of a flexible-grid WSS

The passband of a flexible-grid ROADM can typically be assigned in 12.5 or 6.25 GHz increments. State-of-the-art ROADMs used for submarine 

line terminal equipment (SLTE) applications can even support 3.125 GHz passband granularity, as shown in Figure 6. Older fixed-grid ROADMs 

typically have an actual passband significantly smaller than the nominal channel grid might imply. For example, a typical legacy 50 GHz WSS 

might have an actual passband of 46 GHz, while a legacy 100 GHz WSS will typically have an actual passband in the 40 to 50 GHz range, as 

shown in Figure 7.

Figure 7: Passband of legacy fixed-grid WSS

Filter Narrowing
When the DWDM wavelength passes through multiple WSSs, any differences in width, center wavelength, or shape of the passband will 

cause the aggregate passband to shrink, an effect commonly referred to as “filter narrowing.” Filter narrowing reduces the wavelength 

baud rate that can be supported even by high-performance flexible-grid ROADMs to below that of the nominal passband, as shown in 

Figure 8. For example, after a cascade of 10 flexible-grid WSSs, each configured for a 100 GHz passband, the actual passband will typically 

be under 90 GHz, limiting the baud rate to approximately 85 Gbaud once wavelength roll-off in the 5% to 10% range is considered.
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Figure 8: Filter narrowing example

Furthermore, the combination of WSS passband and filter narrowing can severely limit the maximum baud rate supported by legacy 

ROADMs. For example, with 50 GHz ROADMs, after only 10 WSSs (e.g., a colored/directional add, four route-and-select ROADMs, and a 

colored/directional drop), the effective passband would be reduced by around 10 GHz to around 36 GHz, limiting the baud rate to around 

33 Gbaud. This severely limits the maximum baud rate that can be supported by legacy fixed-grid ROADMs.

Polarization-dependent Loss
Like polarization mode dispersion (PMD), dispersion that occurs due to differences in latency on each polarization, polarization-dependent 

loss (PDL) also occurs because of asymmetries. In the case of PDL, these asymmetries result in higher losses (or lower gains) on one 

polarization and lower losses (or higher gains) on the other polarization. For example, in optical fibers, one polarization incurs higher loss 

due to being more impacted by the cladding than the other polarization, as shown in Figure 9.

Figure 9: PMD and PDL in fibers are caused by asymmetries

However, due to the relative PDL figures shown in Table 1 and the mathematical relationship between individual PDLs and the aggregate 

path PDL, where the individual PDL values are squared, most of the PDL in a terrestrial network is a result of WSS asymmetries. For 

example, as shown in Table 1, a single WSS with PDL of 0.5 dB contributes the equivalent of 10,000 km of single-mode fiber with a PDL of 

0.05 dB per 100 km. PDL is challenging for coherent communications because its noise aspect (i.e., different OSNR on each polarization) 

cannot be compensated for in the DSP.

Table 1: Typical PDL values and relative contributions to path PDL

Typical Component
PDL Value (dB)

Relative Contribution to Path PDL

PDL Squared (dB2) Relative PDL Squared

WSS ~0.3-0.5 ~0.09-0.25 ~36-100

EDFA 0.1 0.01 4

100-km Single-mode Fiber 0.05 0.0025 1
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ROADM Loss, Amplification, and Noise
The various components of a ROADM, illustrated in Figure 10, incur loss. In a broadcast-and-select architecture, the ingress splitter will 

incur a loss when it divides the light and sends it to the drop port and to each egress WSS. For example, a 1-to-4 splitter will incur a 6 

dB loss, while a 1-to-8 splitter will incur a 9 dB loss. The WSS itself will also incur a loss, typically in the 2 to 8 dB range, with 6 dB being 

a common figure. Other sources of loss inside the ROADM include filters for the optical supervisory channel (OSC) and optical time-

domain reflectometer (OTDR), taps for monitoring, and, at the end points, the add/drop components (mux/demux filters, WSSs, multicast 

switches, etc.). The total loss in a ROADM is likely to be in the 10 to 20 dB range, equivalent to a 40- to 80-km fiber span. This loss requires 

amplification in the egress EDFA, which adds ASE noise.
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Filters
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Figure 10: Key components inside a ROADM degree

Addressing Challenge 3: ICE6 and High ROADM Cascade
ICE6 supports a number of features to address passband and filter narrowing challenges. These include a tuneable baud rate, from 31 to 

100+ Gbaud, and a tight roll-off that keeps the spectral width of the wavelength close to the baud rate. Super-channels can also increase 

filter narrowing tolerance in flexible-grid networks, with filter narrowing only occurring at the edge of the super-channel passband rather 

than for each individual channel, as shown in the middle of Figure 11. A shared wavelocker that enables the lasers of two wavelengths to 

drift in tandem, thus reducing the amount of guardband that would be required to support uncorrelated frequency shifts, is another ICE6 

feature that can help to further increase filter narrowing tolerance, as shown in at the bottom of Figure 11.

Figure 11: Super-channels and shared wavelockers can increase filter narrowing tolerance
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ICE6’s second-generation Nyquist subcarrier implementation digitally divides the wavelength into eight subcarriers. In addition to 

significantly reducing the noise inside the optical engine that comes from compensating for chromatic dispersion, this enables dynamic 

bandwidth allocation (DBA). With DBA, the data rate on each subcarrier can be set individually with a different bits/symbol setting for PCS. 

This enables a lower data rate with higher tolerances on the outer subcarriers that typically experience higher filter narrowing penalties 

and a higher data rate on the inner subcarriers, as shown in Figure 12.

Figure 12: DBA puts higher data rates on the inner subcarriers

ICE6’s time-domain hybrid provides an alternative modulation format with similar filter narrowing benefits, putting a lower-order 

conventional modulation (e.g., 3QAM in 4/3QAM or 32QAM in 64/32QAM) on the outer subcarriers and a higher-order conventional 

modulation (e.g., QPSK in 4/3QAM or 64QAM in 64/32QAM) on the inner subcarriers, as shown in Figure 13.

Figure 13: Time-domain hybrid examples

ICE6 also mitigates PDL. While coherent communications leverages two orthogonal polarizations (X and Y), with each carrying half the 

signal’s data rate, once these two polarizations are combined and exit the optical engine, their electro-magnetic fields combine to create a 

wave with a single polarization shape, as illustrated by the example in Figure 14 where the blue and green polarizations combine to create 

the red circular polarization. The X and Y polarizations can combine to create polarizations with a wide variety of properties.

Figure 14: X and Y polarizations combine to create a wide variety of polarization properties and shapes
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In addition to digital compensation of the distortion aspect of PDL (different power levels on each polarization) in the DSP, ICE6 further 

mitigates PDL by digitally controlling the combined X+Y polarization properties of each subcarrier at the transmit end in order to minimize 

the impact of asymmetries. Even if the PDL could have been tolerated without this mitigation, this avoids the higher SNR penalty that would 

have resulted. Furthermore, losses inside the ROADM and the resulting amplification noise are countered with the same ICE6 features that 

address the challenges of high-loss spans discussed previously.

Challenge 4: Aerial (OPGW) Fiber and Lightning Strikes
Aerial fiber can be very cost-effective to deploy compared to buried fiber, especially when it is possible to leverage an existing aerial asset 

such as a power utility line. Optical ground wire (OPGW) cable is used in the construction of electric power transmission and distribution 

lines, combining the functions of grounding and communications. An OPGW cable contains a tubular structure with one or more optical 

fibers in it surrounded by layers of steel and aluminum wire. The OPGW cable is run between the tops of high-voltage electricity pylons.

Figure 15: OPGW cable with integrated optical fiber

OPGW is designed to attract lightning strikes. Because the conductor elements of OPGW are twisted like a wire cable, the current flows 

with a spiral component, which induces a magnetic field in the OPGW in the same direction as the optical fibers, causing a rotation of the 

propagating light. For noncoherent transmission (i.e., 10G), this was not a problem. However, given the polarization-multiplexed nature 

of coherent modulation, this creates a big challenge. For example, in Central Europe, OPGW fiber can experience as many as 30 direct 

lightning strikes per 100 km per year, and an even greater number in other parts of the world, such as the Americas. Rotation is in excess 

of 400,000 rad/s for the worst 50% of lightning strikes and 2,000,000 rad/s for the worst 1%. Unless the optical engine has high state-

of-polarization (SOP) rotation tolerances, these rotations can cause bit errors and loss of frame, which can result in temporary outages 

that violate service-level agreements (SLAs). In addition, lightning strikes lead to a vibrational and thermal shock on the scale of a few 

milliseconds, which can introduce a fast change of PMD within the fiber.

Figure 16: Global frequency of lightning strikes per square kilometer
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Addressing Challenge 4: ICE6 and Aerial Fiber/Lightning Strikes
ICE6 provides extremely high tolerance to lightning strikes in aerial OPGW cables, with SOP rotation tracking of up to 6 Mrad/s. This is 

enabled by fast SOP tracking circuits that can be turned on for aerial fiber or turned off to reduce power consumption for buried fiber. 

Nyquist subcarriers also contribute to ICE6’s high SOP rotation tolerance.

Additional ICE6 Features for Challenging Terrestrial Conditions
ICE6 provides a number of additional features that can be useful in terrestrial networks with challenging conditions. Bandwidth 

virtualization over the two wavelengths (e.g., three 400 GbE clients over two 600 Gb/s wavelengths or five 100 GbE clients over two 250 

Gb/s wavelengths) can be especially useful for delivering 400 GbE transport even where the underlying wavelengths are not able to 

operate at 400 Gb/s or above. ICE6’s Ethernet framing mode reduces the framing overhead for Ethernet client traffic compared to OTN 

framing modes that can support both Ethernet and OTN client types, increasing wavelength capacity and spectral efficiency. And finally, 

with extensive programmability, including the 400+ line modes currently supported, ICE6 has optimized configurations for practically any 

network scenario.

Summary

Figure 17: ICE6 toolkit for challenging terrestrial conditions

Terrestrial networks can create challenges for coherent performance as a result of factors including high span losses, G.655 fiber with 

low chromatic dispersion, high ROADM cascades, and aerial fiber. ICE6 and ICE6 Turbo provide a comprehensive toolkit to address these 

challenges, as shown in Figure 17. These tools include LC-PCS, a high-gain 33% overhead FEC option, SD-FEC gain sharing, a tuneable 

baud rate, a tight roll-off, DBA, PDL mitigation, and fast SOP rotation tracking. These features enable network operators to boost spectral 

efficiency and fiber capacity while reducing cost per bit, footprint, and power consumption even with the most challenging terrestrial 

conditions.
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