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1. INTRODUCTION
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Since the first commercial wire-line communication system (telegraph) was deployed by Wheatstone and Cooke in
1839 [1], it may be argued that communications capacity offered to residential customers has increased exponentially at
a constant compound annual growth rate of nearly 40% per annum. Today, growth is quantified in terms of the overall
internet capacity, where similar overall growth rates are found [2] and is fuelled by a succession of communications
applications, each of which evolves through stages of early adoption, increasing penetration and establishment. This
was readily seen to be the case of direct dialled telephony, fax and dial up modems, despite transport over a common
platform. Similarly, text messaging, image sharing, file sharing and video services represent different applications,
sharing a common platform widely referred to as the internet. Recent growth, since the introduction of one of the 1st
internet like service, the bulletin board service [3], accessed by dial up modems, through to passive optical networks,
still the subject of current research [4] is shown in Figure 1. This figure also illustrates the typical capacity switched
within the core, for example today’s WDM systems have a total capacity of up to 8 Tbit/s, but typically a single
wavelength may be routed using a reconfigurable optical add drop multiplexer and would have a capacity of between 10
and 100 Gbit/s.

Figure 1: Evolution of access capacity and core network switching granularity since the introduction of BBS.

It is interesting to note that the ratio between the switchable capacity in the core of the network to the access rate has
remained close to 1000 over this entire period, despite numerous generations of routing platforms including schemes as
diverse as the Plesiochronous Digital Hierarchy (SDH) and Internet Protocol transported by Wavelength Division
Multiplexing (IP over WDM). This consistent ratio represents an engineering trade-off between the impact of failures,
which favours many separate links, and cost, which favours fewer higher capacity links. Both straw polls of consumer
demand and government strategy suggest that the demand for increased consumer bandwidth will be maintained for the
foreseeable future as testified by the increasing deployment of optical fibre in the local loop and the design bandwidths
of successive generations of wireless technologies. This suggests that we will require the ability to switch capacities of
several Tbit/s in the core network, with maximum capacities a few orders of magnitude higher than this. Figure 2
illustrates a common figure of merit for optical communication system experiments, the “bit rate distance product”,
which combines the two important features: the total bit rate and the maximum transmission distance in a single figure
of merit, along with the actual total fibre capacity. Rapid progress was observed throughout the 1980s and 1990s where
the decline in growth was observed. This decline was readily attributed to the end of the so called “dotcom boom”,
which saw a considerable over-deployment of network capacity, in particular of 10 Gbit/s WDM systems. However,
once the capacity demand, which continued uninterrupted throughout the crisis, had exhausted this overbuild, whilst
total fibre capacities resumed their former growth rate, maximum transmission distances declined, and only a marginal
increase in the maximum bit rate distance product is observed, which may be attributed to the adoption of super
channels [5] and coherent detection [6] (green symbols). This data may also be analysed as the maximum achievable
transmission distance as function of the data rate per wavelength, as shown in Figure 3. From this figure, we can also
clearly see that we have exhausted the available transmission capacity of standard single mode fibres. With ingenuity
and accommodation of nonlinear effects, it will of course be possible for an ITU grid based system to exceed the
theoretical line for standard single mode fibre [7] to a certain extent [8]. However, due to an increase in optical signalto-noise ratio (OSNR) requirements for multi-level formats, it is clear that, in the region of 1000 Gbit/s, the only

solution is to abandon either the ITU grid or the fibre itself. Until recently, multicarrier modulation was almost
exclusively studied to achieve these bit rates, as orthogonal sub-carrier schemes can maximise the capacity of an optical
fibre. These schemes were first studied in the 1950s [9] and have been widely used for communication systems
susceptible to multi-path degradations, such as wireless, non-coaxial wire-line and multi-mode fibre systems. The
technique was introduced into long-haul single mode fibre systems in 2002 [10], and from 2005 a series of publications
by a number of groups [11, 12, 13] stimulated worldwide interest. Progress in multi-carrier systems has been rapid, with
reports of transmission at 300 Gbit/s, 600 Gbit/s [14], 1 Tbit/s [15] and beyond [16]. Note that precise pulse shaping is
required in order to minimise the multiplexing penalty [17, 18], otherwise additional steps must employed to ensure
signal orthogonality.

Figure 2: Evolution of the “bit rate distance product” (coloured symbols) and total fibre capacity (black circles) as a
function of time showing; time division multiplexing (red diamonds), wavelength division multiplexing (blue
triangles), super channels (green circles) and coherent detection (open green circles).

Figure 3 Reach versus data bit rate per transponder (or ROADM routed wavelength) showing the theoretical limit for
a symbol rate of 28 Gbaud (blue line) along with experimental results using 50 (blue symbols) and 100 (red symbols)
GHz channel spacing, and grid-less experiments (green symbols). Open symbols represent multi-carrier systems,
closed symbols single carrier

2. THE NONLINEAR SHANNON LIMIT
The origins of this “capacity crunch”, where user demand (Figure 1) appears to be approaching the limits of an optical
fibre (Figure 2), is a trade of between the well known Shannon and nonlinearity limits. Shannon predicted that the
information capacity of a fixed bandwidth communication channel without memory is proportional to the bandwidth of
the channel, and logarithmically proportional to the signal-to-noise ratio. On the other hand, other effects such as
chromatic dispersion and nonlinearity induce memory into the channel and induce severe signal distortion. This
additional nonlinear distortion limits the maximum power which may be launched into an optical fibre. In the majority
of circumstances, the limiting nonlinearity is the optical Kerr effect [19], and accurate predictions may be made using
the nonlinear Schrödinger equation, as proposed by Zakharov [20]. Such readily predicted degradations may of course

be compensated by sufficiently sophisticated signal processing [21, 22, 23, 24], and indeed, it has been shown that if the
ability to compensate for all nonlinearity in the transmission line is assumed, then the capacity of the communications
channel should increase monotonically with signal power [25, 26]. However, if the entire output of the communication
channel is not known, either because there is insufficient processing power available [24], or because individual
wavelengths propagate along different paths [27], then the unknown signals must be considered as sources of noise to
the known signals. This additional noise increases with signal power and prevents the arbitrary increase of the signal-tonoise ratio, and thus imposes a maximum capacity on the communication channel. The existence of this maxima was
most famously articulated at the end of the “dotcom” boom [28], and many of the consequences recently summarized in
extensive review articles [29, 30]. The original formulation assumes large chromatic dispersion, nonlinearity
accumulating over many spans, no nonlinear interaction with noise, and intra channel effects that are either
compensated or negligible. The expression derived using this approach is reproduced in equation (1):
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where, C is the total capacity of the system occupying a bandwidth B, snr is the signal-to-noise ratio, Ps and PN the
signal and noise power spectral densities respectively, and PNL a “nonlinear power spectral density” scaling factor. For a
system with lumped amplifiers the noise and nonlinearity power spectral densities are given by

PN  N a G  1nsp .h.

PNL  B

(2)

f
2 B.D.
2
c  Leff 2. ln  N ch 

2


(3)



where Na represents the number of amplified spans, G the amplifier gain, nsp the spontaneous emission noise factor, c
the speed of light, h Plank’s constant,  the carrier frequency ( being the corresponding wavelength), D the chromatic
dispersion of the fibre,  its nonlinear coefficient, and Leff the nonlinear effective length of the overall system (sum of
the conventional effective lengths of each span). f represents both the channel spacing and the bandwidth of each of
the Nch WDM channels. Subsequently, many authors have investigated the problem with a variety of different
assumptions, including arbitrary dispersion [31], dominance of four wave mixing [32] and WDM channel bandwidths
less than the channel spacing [33]. The majority of these results bear close resemblance to equations (1) to (3),
especially if the Taylor series expansion is considered [34] and the predicted capacities agree closely. Detailed
numerical simulations [35] reveal that each model performs best for systems with designs matching the assumptions of
the model (e.g. OFDM system designs match [32] and Nyquist designs [33]), but even so, except in extreme cases, the
trends predicted by the various models are highly correlated. In terms of system configuration, the results are weakly (if
at all) dependent on the channel spacing for a large number of channels, and for the fibre parameters, a figure of merit
may be derived for a lumped amplifier system;
2
PNL
( lumped)

PN2





2
 1  e Lspan  Lspan
2 



1
e

D



(4)

where Lspan represents the span length between amplifiers. This illustrates a weak, but monotonic dependence of
absolute value of the dispersion and the nonlinear coefficient. Dependence on fibre loss is more complex due to the
trade-off between noise (low loss) and nonlinear effective length (high loss), and care should be taken in generalizing
this parameter, and the system configuration (repeater spacing) may have a significant impact on the conclusions [29,
30]. For an ideal Raman amplified system, the situation is clearer, with lower loss always favourable, as shown in
equation (5).
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with the constants of proportionality readily extracted from equations (2-5). The predictions of these equations may be
readily confirmed by numerical simulations [29], and an example of the results which may be achieved is shown in
Figure 4, illustrating how the maximum reach reduces for higher order modulation formats.

(b)

(a)
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Figure 4: (a) Theoretical nonlinear capacity limit versus the transmission distance when the in-line dispersion is
20ps/nm/km (dashed line) and 2ps/nm/km (dotted line), and the simulated maximum achievable distance of 4-, 16-,
64-, 256-QAM WDM system for dispersion compensation only (triangles) and single-channel digital backpropagation (DBP), including both dispersion and intra-channel nonlinearity compensation (circles). (b) The
maximum achieved Q-factor versus the fiber length by using single-channel back-propagation for DBP in the
scenarios of WDM system (open) and single channel (closed). (c) Performance as a function of the signal launch
power for a single-channel 112Gbit/s PMQPSK after 4800km with EDC only (circles), DBP with in-line noise
loading (triangles) and with receiver-side noise loading (squares). Tables show the simulation parameters used.

In these simulations, there was a penalty in reach of approximately 1dB when compared to the theoretical nonlinear
limit with the same dispersion. One reason for this penalty is that the modulation formats and the coding schemes were
not optimal. Figure 4 (b) shows the maximum achieved Q-factor at the optimum signal launch power versus the
transmission distance for single-channel (closed symbols) and WDM (open symbols) transmission, with both cases
using Digital Back-Propagation (DBP) to compensate dispersion and intra-channel nonlinearities. It can be seen that
even for the single-channel case where inter-channel nonlinearities are fully compensated, the transmission distance
cannot be increased arbitrarily. We may conclude that, for the single channel case, a signal-noise interaction which
cannot be compensated by back-propagation must limit the performance, however, the nature of this limitation has, until
recently [36], been unknown. To illustrate the cause of this capacity limitation, Figure 4(c) shows the performance of
QPSK at a transmission distance of 4,800km versus the signal launch power for the single-channel case, and it is seen
that optimal signal launch power exists for not only electronic dispersion compensation (EDC) but also DBP even after
intra-channel nonlinearity compensation if noise is loaded along the amplifier chain rather than just at the receiver. In
[36], it is shown that this increase in noise with signal power is mainly caused by four-wave mixing between the signal
and noise fields, where the simulated amplified noise evolution is consistent with analytical predictions.
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Figure 5 Typical nonlinear Shannon limit curves showing: (left) information spectral density per polarization as a
function of the launched power spectral density from each amplifier for noise figures of 4.5 (blue) 3 (green) and 0
(red) dB; and (bottom) the total information spectral density (both polarization) as a function of the total launched
power for a fixed information bandwidth for doped fibre amplifiers (blue) with 4.5 (solid) and 3 (dashed) dB noise
figures, Raman amplifiers (red) and phase sensitive amplifier with simultaneous idler transmission (green) with 0
(solid) and -3 (dashed) dB noise figures.

Typical plots showing the nonlinear Shannon limit are shown in Figure 5. The left hand chart illustrates the impact of
varying the amplifier noise figure alone. This has no effect on the nonlinearity, and so at high powers all three curves

converge. However, in the noise limited region, the same signal-to-noise ratio is obtained at signal launch powers, and,
if the noise figure is dropped by 3dB, the signal-to-noise ratio is increased by a factor of two and hence the maximum
achievable information spectral density is increased by 1 b/s/Hz/pol. Note that in order to achieve a noise figure below
3dB, it is necessary to use a phase sensitive amplifier where the idlers have also been transmitted along the fibre [37]. In
this case, the total signal power (right hand chart in Figure 5) is increased and there is no change in the maximum
information spectral density at a fixed total amplifier output power in the signal-to-noise ratio limited regime. On the
other hand, in the nonlinear regime, the output power is spread over more channels, reducing the power spectral density,
and hence the nonlinear crosstalk between closely spaced channels. However, with both interpretations (signal power
spectral density and total amplifier output power) the increase in maximum information spectral density (ISD) due to
improvements in amplifier noise figure is small. Similarly, super-channels, either based on OFDM [5, 38] or Nyquist
WDM [39], only offer a marginal increase in the ISD due to the elimination of guard bands.

3. OPTICAL REGENERATION
Given that modifications to the transponders and optical amplifiers will have a modest impact on the overall ISD of an
optical link, more radical solutions are required. A long standing proposal has been to employ optical regenerators in
place of optical amplifiers [40, 41, 42]. However, in order to be cost effective, such regenerators must be WDM
compatible and should allow net ISD exceeding that of conventional coherent detection. Whilst WDM compatibility has
been demonstrated for a range of modulation formats [42, 43], it is unlikely that the simple binary regenerators
demonstrated to date will meet this later criterion. The required regenerator performance may be understood by plotting
the nonlinear Shannon limit in terms of the maximum reach between forward error correction modules for a given
QAM constellation, as shown in Figure 6.
Given that a PM QPSK system is adequate for the majority of applications, in order to allow the reach to be at least
doubled (and at most octupled), the optical regeneration system should be compatible with PM-16QAM data and for
formats beyond PM-256QAM, more than 20 regenerators will be required to match the reach of a PM-QPSK digital
coherent system. This is a highly challenging target, however recent results are promising, showing black-box WDM
[43] and QPSK [44, 45] regeneration and m-PSK processing [46]. Optical regeneration may therefore offer an attractive
means to increase fibre capacity, but calculations such as Figure 6 may also be used to estimate an upper bound on the
regenerator cost and/or power consumption. For example, comparing M parallel systems employing Na amplifiers with
power consumption Pa to a regenerated system offering M times the maximum capacity per wavelength using Nr
regenerators in place of amplifiers, then the power consumption of the regenerator, Pr, should be
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To illustrate this, consider a 75 span PM-QPSK system (Na=75). To upgrade the capacity by a factor of 4 (M=4), we
could use four parallel systems, or a single system employing twenty optical regenerators (Nr=20) suitable for PM256QAM. The power consumption of the regenerated system is lower than that of the parallel systems provided that
each regenerator consumes less than 12 times the power of the individual optical amplifiers. In the limit of replacing
each amplifier by a regenerator (Na=Nr) , the regenerator power consumption should have less than M times the power
consumption of the amplifier to be a power efficient solution.

Figure 6 Relative performance limit of digital coherent transmission using optical amplifiers (red) and a system
employing 20 optical regenerators (blue) with 80km fibre spans, normalized to the reach of a PM-QPSK system.

4. NOVEL OPTICAL FIBRES
The nonlinear Shannon limit described above gives a fundamental limit on the information spectral density of the fibre,
logarithmically directly dependent on the fibre parameters (Equations 1 and 4) and firmly fixed in the region of 5
bit/s/Hz/pol, giving a maximum fibre capacity of the order of 50 Tbit/s in the C-band. Modifications to the amplifier
noise figure and modulation format may, in certain circumstances, allow the ISD to be increased by 25-100%, and
optical regeneration may enable ISD increases of up to Log2(Lsys/Lspan) per polarization, where Lsys is the overall link
length, if regenerators ubiquitously replace optical amplifiers (around 8 bit/s/Hz for an ultra long haul system).The
capacity limit for conventional single mode fiber is therefore unlikely to increase significantly beyond current levels.
However, it is often assumed that the bandwidth demand will continue its uninterrupted 40% compound annual growth
experienced since optical systems were first deployed in 1975. Putting 40% growth rates into perspective, if several 100
Gbit/s line cards are installed simultaneously today, to upgrade link capacity in response to demand, similar new
deployments in 10 years time would be of fully lit fibres. Widespread cable deployments will be required shortly after
this. Since the various techniques to optimise the utilisation of the fibre capacity, including compensation of interchannel nonlinearity, only offer incremental benefit, major research programs such as EXAT and MODE-GAP are
examining novel optical fibres. The fibres may be divided into two broad categories, those enabling spatial
multiplexing, such as multi-mode fibres and multi-core fibres, and those aimed at radically reducing the loss and
nonlinear coefficients of the fibres.
The baseline solution, of course, is to employ many parallel systems, also known as spatial multiplexing. When
employed over conventional fibres, this offers linear power consumption scaling with network capacity whilst demand
continues to grow exponentially. For this solution the resultant exponential growth in energy consumption will
inevitably result in the imposition of limitations on network capacity through pricing or regulation. But do proposed
new fibre types [e.g. 47, 48, 49, 50, 51] offer any substantial benefit in terms of ISD or energy consumption? To gain an
initial insight into this question, we may consider an ideal MIMO transmission system, where the nonlinear crosstalk
between different modes is entirely neglected. This has previously been justified on the grounds of poor nonlinear phase
matching between modes in a few mode fibre. Figure 7 illustrates the minimum pump power summed over all optical
amplifiers in the chain required to achieve a given ISD, assuming polarization multiplexing with coherent detection. A
challenging 2000km system with 100km spaced fibre amplifiers (no Raman amplification) is chosen as a reference for
comparison, and the fibre parameters which have been assumed are summarised in Table 1 and include two types of
multi-mode fibre (step index few mode fibre with high differential mode delay, low mode coupling, large effective area
but slightly higher loss; and graded index few mode fibre with reduced differential mode delay, and loss and effective
areas similar to that of conventional fibre). In Figure 7, each curve is initially signal-to-noise ratio limited and so, as the
ISD increases the required power also increases at a fixed rate (see Equation 1). However, once the system is impacted
by nonlinearity, the optical signal-to-noise ratio penalty increases the required launch power up to a point where the ISD
may no longer be achieved. All four new fibres considered; multi-core fibre (MCF), step index few-mode fibre (SIFMF), graded index few-mode fibre (GI-FMF) and hollow core photonic band gap fibre (PBGF), offer substantial
increases in the achievable ISD, but since the loss of all of the solid core fibres is similar, there is no significant
improvement in the signal-to-noise ratio limited performance of each channel, and so no improvement in the required
pump power. On the other hand, the theoretically predicted improvements in loss of hollow core PBGF allow for
substantial reductions in the required signal launch power, even when the fibre operates with a single mode. Similar
conclusions may be drawn for a wide range of system lengths.
Table 1 Fibre parameters used for calculations used unless otherwise specified
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Step Index
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fibre
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fibre
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80 km
50 GHz
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0.22 dB/km
0.2 dB/km
0.5 /W/km
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6
6
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1550 nm
1%
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Figure 7: Minimum total pump power (summed over all amplifiers) to achieve a given ISD over a 2000km link with
100km amplifier spacing for conventional fibre (black), graded index few mode fire (blue, dotted), step index fewmode fibre (blue, solid), multi-core fibre (green) and hollow core PCF (red) with (dotted) and without (solid) mode
multiplexing. Subscript denotes the total number of modes (including polarizations). The purple line represents a
constant pump power per bit.

However, as indicated above, predictions for lumped amplifier systems are critically dependent on the amplifier spacing
(Equation 4), and we would anticipate that the relative merits that spatial multiplexing offers and low loss fibre are
determined by this parameter. This is illustrated in Figure 8 which shows the required total pump power as a function of
the amplifier spacing for a 2000 km system with a target ISD of 10 b/s/Hz. At low repeater spacing, information loss
from mode coupling, assumed to be proportional to the number of amplifiers and higher for low differential group delay
fibres, imposes a large optical signal-to-noise ratio penalty and dominates the performance of the system. However, for
inland networks, where amplifiers are typically spaced 80km apart, the hollow core PBGF offers the lowest required
pump power, even when operated as a single mode fibre (two polarisations). If the repeater spacing may be freely
selected, for example in a submarine network, spatial multiplexing offers improved performance below 80km,
especially using multi-core fibres (or multiple fibres).
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Figure 8 Variation of required total pump power with amplifier spacing for a 2,000km system with an ISD of 10
b/s/Hz. Curves are as specified in Figure 7.

Note that for this system configuration, spatial multiplexing over solid core few-mode fibre offers no significant
advantage over multi-core fibres. Again, the conclusion that the energy consumption associated with amplification is
minimized by minimizing the fibre loss is true for a wide range of systems lengths and target ISD’s. Note also that, in
terms of total energy consumption, commercially available fibre amplifiers with output powers in the region of 100mW
typically have electrical power consumptions in the region of 10s of Watts [52]. Consequently we may anticipate that
the total power consumption of the transmission line would be between 100W and 1kW for a bi-directional system. This
should be compared to the power consumption of digital coherent transponders, typically in the region of 1-3 W/Gb
[53]. For a 10 Tbit/s system (e.g. 100 channels each at 100 Gbit/s) the transponder power consumption would exceed
10kW, over 10 times the power consumption of the transmission line. Furthermore, one may anticipate that the power
consumption associated with the MIMO processing for a few-mode fibre system would be significantly higher than a
conventional digital coherent receiver.

The advantage of hollow core PBGF is further emphasised in Figure 9, which takes into account the wide low loss
window offered in the 2000nm transmission window predicted for such fibres, and even further enhancements are
possible for mode multiplexed operation.

Figure 9: Comparison of the total capacity of a solid core multi-mode fibre with 5-fold mode multiplexing gain
(black); a PCF with 0.6 dB/km loss (red), and 0.05 dB/km loss (orange), both operated as single mode fibre.
Amplification bandwidth of 100nm for solid core fibre and 600nm for PCF.

5. NONLINEAR PROPAGATION
The above calculations assume negligible nonlinear interaction between the modes, and a minor loss of information due
to weak mode dependant loss. However, the first assumption has not been experimentally verified. A simple
configuration employing a pulse source, few mode fibre and spectrally resolved detection was employed to perform
preliminary investigations into nonlinear propagation [54]. In this case, a 25μm-core diameter fibre supported four LP
mode groups, with a maximum differential mode delay (DMD) of 2.95ns/km, chromatic dispersion between 21.1 and
17.5ps/nm/km, and a net loss of less than 10dB including launch splice losses. To avoid pulse collisions due to the
modal dispersion within the fibre, an actively mode locked laser (MLL) at 1551nm was used to launch ~23ps pulses at
10MHz repetition rate to the few mode fibre (FMF), with the aid of a 30GHz 3dB bandwidth filter. An EDFA and
optical attenuator were used to control the launch power, and the launched pulses were characterized at this point to
include any additional distortions from the EDFA. The LP01 and LP02 modes were excited by making a SMF to FMF
fusion splice at both ends, which aligned the claddings of both fibres. This launch, close to centre, ensured that
excitement of LP11 and LP21 was negligible. Though this arrangement was effective for exciting only two modes at the
input, it also contributed to the high insertion loss and resulted in an uncertainty over the relative input power ratio
between the two modes. It is important to note that the input polarization was adjusted at the highest launch power to
give the shortest observable pulse width. The output of the FMF was monitored with an oscilloscope via a 50GHz
bandwidth photo-detector. In order to recover the phase information, a wavelength selective switch (WSS) was used as
a frequency discriminator. The WSS was programmed to give a linear variation in attenuation as a function of
frequency, essentially differentiating the temporal field. Comparing information gathered using the 50GHz scope with
and without the WSS enabled the amplitude and phase information of the pulse to be extracted. Selected measurements
were cross-calibrated using a frequency resolved optical gating (FROG) technique and measurements were found to
have good agreement with those that were taken using the frequency discriminator. The results were compared to a
numerical model which took into account statistic mode coupling between the excited modes.
At low launch powers, two pulses were observed at the fibre output separated by 56.2ns, in agreement with the
calculated DMD taking into account a minimal mode coupling of ~5%. Full field information was recovered for the
input signal and for both modes at the output of the 20km length of FMF as a function of the launched signal power.
Note that no attempt was made to establish the ratio of launched powers between modes. In order to understand this
behaviour, the full width at half-maximum (FWHM) of the output pulses were extracted and plotted in Figure 10
against the relative input powers per mode for each of the excited modes. The experimental measurements of LP01
(circles) and LP02 (squares) are compared with FMF model simulations (crosses and asterisks respectively), and also
with a one step split-step analysis (solid and dashed lines respectively). In this case, the FMF is modelled as SPM
followed by dispersion, as it would be in an SMF case with the addition of mode coupling, where bandwidth limitations
of the experimental components were considered. Here, the mode coupling gives dips in the output pulse width, and the
position and amplitude of the dips are power dependent. Whether this is a result of nonlinear mode coupling or of
changes in the signal spectrum (wavelength dependent mode coupling) will be the subject of a future investigation. For
LP01, SPM clearly plays a role by narrowing the pulses as the power increases. As the power is increased further (over

10dB), the nonlinearities induce pulse splitting, and the FWHM measurements begin to increase dramatically. Note that
the two solid circle symbols correspond to pulse splitting for LP01, and the FWHM shown in these two cases were
obtained by measuring the FWHM of the overall pulse by measuring the sum of the two split pulses, considering an
even power split.

Figure 10 FWHM width measurements for both LP 01 (circles) and LP02 (squares).

We may thus conclude that, at modest launch powers, each mode behaves as if it were propagating along the equivalent
single mode fibre. However, at higher launch powers, rapid pulse break up, inconsistent with this simple approximation,
is readily observed. Whilst occurring for high peak powers in this simple test, for the highest capacity systems may
require similar total launch powers when mode and wavelength division multiplexing are taken into account.

6. CONCLUSIONS
In this document we have considered the implications of the nonlinear Shannon limit, and in particular the
consequences for transmission link designs which would meet the growing demand for bandwidth without significant
increases in energy consumption. Whilst many techniques are found to offer the potential for capacity increases, the
logarithmic nature of the limit implies that even optical regeneration only offers an ISD increase of 2 to 3 times. The
techniques will delay a capacity crunch associated with energy consumption. In terms of energy consumption, loss is
clearly seen to be the dominant parameter with low loss hollow core PBGF offering the lowest link power consumption
for a wide range of system configurations.
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