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Approaching the Non-Linear Shannon Limit

Andrew D. Ellis, Jian Zhao, Member, IEEE, David Cotter

Abstract— We review the recent progress of information
theory in optical communications, and describe the current
experimental results and associated advances in various
individual technologies which increase the information capacity.
‘We confirm the widely held belief that the reported capacities are
approaching the fundamental limits imposed by signal-to-noise
ratio and the distributed non-linearity of conventional optical
fibres, resulting in the reduction in the growth rate of
communication capacity. We also discuss the techniques which
are promising to increase and/or approach the information
capacity limit.

Index Terms—Information rates, Modulation coding, Non-
linear optics, Wavelength division multiplexing.

I. INTRODUCTION

HE capacity of optical communication links has grown

exponentially since their introduction in the late 1970s,
and each generation has enabled new methods of
communication and services ranging from simple text e-mails
through to the ubiquitous video applications in use today. This
continuing growth has been enabled by many individual
technological advances, including third-window distributed-
feedback lasers, erbium-doped fibre amplifiers, wavelength
division multiplexing (WDM), dispersion management,
forward error correction and Raman amplification. Throughout
this technological evolution, one constant factor has been the
use of single mode optical fibre, although with evolving
designs to control chromatic dispersion and non-linearity.
However, there is now a growing realisation that the
continuing bandwidth demand will shortly push the required
capacity close to the maximum capacity which has been
predicted theoretically for such fibres. The economic and other
consequences of demand exceeding capacity are a matter of
much debate. However, it is generally acknowledged that the
current network architectures and transmission technologies
will not be capable of meeting the customer bandwidth
demand in the medium term. The time at which demand
exceeds supply may be delayed by changes in network
architecture and service pricing, but is likely to occur within
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the next decade.

In this paper, we will review the limits to the information
capacity in optical fibre communications, and investigate the
modern technologies currently being researched to approach
this limit. We will also outline the fundamental issues required
to increase the limits of current optical networks imposed by
signal-to-noise ratio and fibre non-linearities. The paper is
organised as follows. In section II, we briefly review historical
trends in communication bandwidth provision, before
considering in section III the classical theoretical predictions
of the limits to communication capacity of linear transmission
channels. In section IV, the more recent development of the
use of information theory to predict the capacity of non-linear
channels in optical fibre communications is reviewed. Then in
section V we describe recently proposed technologies
including the multi-carrier transmission techniques of
orthogonal frequency division multiplexing (OFDM) and
coherent WDM, and discuss the potential of these technologies
to allow significant increases in the maximum capacity of an
installed optical fibre network.

II. BACKGROUND
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Fig. 1. Evolution of telecommunication network capacities in response to
changing access technologies and consumer applications. Circles: Bandwidth
of available access network connection. Candlesticks: Ratio of maximum
capacity of managed link in core network to access rate. Solid line: Growth
trend for net access rate, Dashed Lines: Approximate bounds of ratio of core
to access capacity

The evolution of demand in telecommunications networks may
be traced by plotting the bandwidth available to the user (net
access rate, circles) against the date of introduction of various
access technologies, as shown in figure 1, starting from the
introduction of the 1.2kb/s modem for use in Bulletin Board
Systems in 1978 [1] through to Passive Optical Networks at
contended bit rates up to 10 Gb/s [2] for video and gaming
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applications. The solid line shows a steady growth rate of 15%
per annum in net access rate. To date overall network
capacities, such as transatlantic link capacities, have increased
at a faster rate [3] due to increasing numbers of users with
access to advanced communications services.

Accompanying the increase in available access rates has been
a steady increase in the bandwidth within the core of the
network. The candlestick symbols in figure 1 illustrate as a
function of time the ratio of two parameters: the numerator is
the maximum capacity in the core network which may be
independently configured (for example, a T1 or T2 carrier in
1978, and a 40 Gb/s SONET wavelength or 100 GbE
wavelength in 2012); and the denominator is the available
access rate. Despite the exponential growth in bandwidth
demand, this ratio has remained remarkably constant,
representing the continual design trade off that is made
between, on one hand, complexity (favouring coarse
bandwidth granularity in the core network), and on the other
hand, reliability (favouring fine granularity). Over a period of
three decades since the late 1970s to the present day, these
ratios have consistently fallen within a band of values 500-
5,000 (horizontal dashed lines, figure 1). Despite profound
developments in the underlying technologies over this period,
it would appear that the basic cost-driven design trade-offs
have remained unchanged. Therefore, extrapolating these
bands of values into the future suggests that the network
should be able to support 100 Gb/s transport in the core
network today [4] and 1 Tb/s transport as early as 2017.
However, to maintain the current core network architecture,
this would require a total number of wavelengths deployed
similar to today, typically 160, but carrying information at an
information spectral density exceeding 30 b/s/Hz (which
represents an immense technical challenge).
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Fig. 2. Evolution of maximum reported transmission capacity for single
wavelength (diamonds, open symbols for optical time division multiplexing),
wavelength division multiplexing (triangles), single and multi-banded OFDM
(filled circles) and coherent detection (open circles).

Bit Rate Distance Product
(Tbit/s.km)

On the other hand, figure 2 illustrates the evolution of the
available fibre transmission capacity reported from
experiments carried out in research laboratories worldwide.
Whilst a long term growth trend of around 60% per annum

was observed from the early 1990s, this has saturated recently,
prompting a move towards the adoption of coherent detection
techniques, where the additional degree of freedom (optical
phase) is expected to allow for greater capacity increases [5].
However, even with such innovations, capacity increases of
about 25 times the current capacity, as required around 2017,
appear to be very challenging.

III. SHANNON LIMIT
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Fig. 3. a) Ideal transmitted constellation (continuous) and b) discrete point
approximation (after [8]).

The Shannon limit to information capacity on a
communications link [6,7] is well known. Shannon proved that
reliable communication over a discrete memory-less channel is
possible if the communication rate R satisfies R < C, where C
is the channel capacity, and is given by

C=Blog2(1+ij (1)
N,B
where P,,. is the average signal power and equals C-E,,, where
E, is the average energy per bit, N, the noise spectral density
and B the channel bandwidth. The proof presented in [6]
assumes arbitrary line and error correction coding. For a linear
channel degraded by additive white Gaussian noise, the
optimum constellation in phase and quadrature components of
the optical field may be calculated. The optimum field takes
arbitrary continuous values, with the probability of each value
following a Gaussian distribution [5]. Such a continuous bi-
Gaussian distribution may be emulated in practice by a
discrete-point constellation [8, 9], as shown in figure 3. In a
well designed discrete point constellation the density of points
reduces with distance from the centre of the constellation, in a
manner approaching the optimum distribution. This
approximation may be improved further by varying the
probability of occupancy of each point in the constellation.

Many different constellations may be considered for optical
transmission (as shown for example in figure 4), ranging from
single quadrature formats typically generated with a single
amplitude modulator, including (a) binary phase shift keying
(BPSK), (b) amplitude shift keying (ASK) and (c) quaternary
ASK (4-ASK), to formats consisting of in-phase and
quadrature components, including (d and e) M-ary phase shift
keying (QPSK and 8PSK respectively), (g and h) quadrature
amplitude shift keying (QAM) constellations (typically
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generated using a dual parallel Mach Zehnder modulator), and
(f) hybrid amplitude phase shift keying (APSK) (typically
generated using an amplitude modulator and a phase
modulator in series).
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Fig. 4. Some examples of signal constellations with one (a,b), two (c,d) and
three (e-h) bits per symbol.

To calculate the performance of each constellation, we first
determine the impact of noise on each constellation point. For
a system using coherent detection, the noise and signal are
combined as a vector addition and the noise is independent of
the signal amplitude [10,11]. On the other hand, for direct- and
differentially- detected signals, the noise level after detection
is dependent on the signal intensity [12]. In this paper, we
consider only coherent detection with signal independent
noise, which is the optimum case appropriate to evaluate the
performance limit. In the following, we calculate the bit error
rate (BER) performance of a given constellation assuming
hard decision detection, by calculating the probability that a
given transmitted bit crosses an imaginary boundary (the
decision threshold) between it and its nearest neighbour [13].

We use the constellation of figure 4¢ as an example.
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Fig. 5. An example of BER calculation. a) Constellation diagram for 4-ASK,
b) Probability of detecting a given field amplitude given that symbol 2 was
transmitted.

In this example, also shown in figure 5, additive white
Gaussian noise gives a Gaussian probability density function
for the received signal values (figure 5b). For the second bit
(e;), erroneous detection occurs by crossing either of two
decision thresholds towards its nearest neighbours (e; and e;).

The probability of an error for this bit is thus:

|62 _€1| |62 _es|
(&)=0 = |+0 = @
J2N, 2N,
where e; is the field amplitude of the i constellation point and
Q is related to the complimentary error function by

O(x)= %erfc(%j 3)

Note that here, Q represents a mathematical function, and
should not be confused with the “Q-factor” used in optical
communications. Note that the constellation points located at
the two ends (furthest from the centre in the general case) have
fewer nearest neighbours and therefore smaller error
probabilities. For example, a transmitted e; would only be
erroneously detected if it crossed the threshold between itself
and e,.

The total BER is then given by the sum of the BER for each
bit(&,) multiplied by the probability P; that this bit is
transmitted, that is

BER =} F,-(¢) (4)

The transmitted signal power is related to the geometric
distribution of the constellation points, such that the mean
energy per bit of the transmitted bit £, is:

E, =Y Ple| (5)

which in turn gives an electrical signal-to-noise ratio of E,/N,.
Here, the signal-to-noise ratio is the parameter commonly used
in communication theory, and in an optical system limited by
amplified spontaneous emission noise (ASE), represents the
photon number per bit entering the optical pre-amplifier. For a
coherently detected signal, the electrical signal-to-noise ratio
(snr) is related to optical signal-to-noise ratio (OSNR) by
OSNR=R-snr/(2B.y), where R and B, are the transmission
capacity and reference noise bandwidth (e.g. 12.5 GHz,
corresponding to 0.1nm at 1550nm wavelength) respectively,
and the ASE noise is assumed to be randomly polarised. BER
performance results for a few common modulation formats are
shown in table I [11,14], where m represents the number of
constellation points (logy(m) bits per symbol) assuming
P=1/m.

The performance of each format may then be compared to the
Shannon capacity limit by calculating the required snr for a
given BER and error correction code, and calculating the net
information spectral density (number of transmitted bits per
hertz), taking the symbol rate and the number of bits per
symbol into account.
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Table 1. Error probabilities for a few common modulation formats as a
function of electrical signal-to-noise ratio.

Format Bit Error Probability
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snr
(figure 4b) 0
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Due to the current limitation in the electronic bandwidth, it is
impractical to modulate the full optical bandwidth available.
Current technologies to achieve the maximum possible
information throughput involve WDM where the available
optical bandwidth is split into frequency bands, each of which
is modulated separately. In this case, the information spectral
density C/B also depends on the combined width of the guard
bands between WDM channels. Figure 6 shows the
information spectral density (ISD) as a function of sur in a
WDM system with 20% guard bands for uni-polar ASK
(circles), PSK (squares), and QAM (diamonds) formats.

3

& 10 256-QAM

N . >

Sy .

> 5 .

S 2r & ]

= . n

§ o [}

5 2.5 onm S \

]

ks QPSK — > # ® 16-ASK
o

ol | 16-PSK

Q =

= BpsKk — " T~ Rz

) R

@ 05 Y —
— 0 5 10 15 20 25 30 35

Signal-to-Noise Ratio, £,/N, (dB)

Fig. 6. Information spectral density of uni-polar ASK (circles), PSK (squares)
and QAM (diamonds) showing the maximum system capacity as a function of
electrical signal-to-noise ratio for a BER of 102 in a WDM system with 20%
guard bands between channels. The solid line represents the Shannon
theoretical limit [3, 6].

Whilst the benefits associated with modulation in both
quadratures, using either M-PSK or QAM, are apparent from
figure 6 and the expressions in table I and recent record
spectral density results [15] strong forward error correction
(FEC) is essential to enable operation close to the fundamental
Shannon limit [16]. Furthermore, the use of higher order

modulation formats suggests that the capacity increase is only
obtained at the expense of requiring higher snr and
implementation complexity. These requirements could be
reduced somewhat by combining functions traditionally
performed separately, for example, it has been demonstrated
that demodulation and error correction may be performed
simultaneously, with some performance benefit [17].

The reduction in ISD due to the FEC overhead is shown in
figure 7 for various modulation formats employing coherent
detection. In this figure it is assumed that the baseline system
was designed to give a BER of 107% at a 15.5dB snr (sufficient
for direct detection of an on-off keyed signal). The required
FEC overhead for error-free operation is calculated and then
subtracted from the net information capacity. A simplified
approximation was used to calculate the FEC overhead, where
each FEC was assumed to require 7% overhead [18] for every
107 of BER to be corrected. For example, we assumed an
overhead of 21% for the correction of a BER of 3-10°. From
figure 7, it is shown that the calculated overhead results in a
negligible decrease in capacity for 2-bit per symbol uni-polar
signal with coherent detection. However, as the number of bits
per symbol is increased, the BER degradation increases,
requiring larger overheads, and, eventually, the required
additional FEC overhead outstrips the additional capacity
offered by an extra bit per symbol, at a fixed snr. By changing
to bi-polar, the required snr is greatly reduced, allowing, in
this example, 3 bits per symbol. Exploiting both quadratures
with M-PSK further reduces the required snr (see figure 6) and
4 bit per symbol M-PSK is possible at 15.5dB snr with
appropriate FEC. QAM exhibits still further performance
enhancement, resulting in 5 bits per symbol without significant
reduction in throughput due to FEC overhead.

Whilst it is likely that FEC circuits will become available
which will require less overhead than assumed here, including
current proprietary FEC circuits, it will still be the case that an
optimum ISD will exist for a given snr and modulation format.
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Fig. 7. Illustration of the limitation in the net information capacity as a
function of the number of transmitted bit per symbols for uni-polar M-ASK
(circles), bi-polar M-ASK (down triangles), M-PSK (squares) and QAM
(diamonds) assuming a snr of 15.5dB.

It is clear that any required guard band between WDM
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channels reduces the ISD. The guard bands may be avoided by
employing orthogonal frequency division multiplexing
(OFDM) techniques [19,20], such as no-guard-interval OFDM
[21-23], coherent WDM [24-27] direct detection OFDM
[28,29] and coherent optical OFDM [30-35].
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Fig. 8. Illustration of overlapping modulation sidebands of OFDM signal.

In all of these multi-carrier systems, the frequency spacing
between the orthogonal sub-carriers is equal to the symbol rate
per subcarrier. A typical example of the orthogonal carriers are
shown in figure 8, where the peak of the spectrum of a given
channel corresponds to nulls in the spectra of all of the other
sub-channels, and in particular, the first null in the spectrum of
the adjacent sub-channel. Ideally, matched filters are used to
separate each sub channel [19], and this may be implemented
efficiently using Fast Fourier Transform algorithms for low
sub-channel data rates (e.g. 100Mb/s), with the digital signal
processing (DSP) complexity scaling approximately linearly
with the total capacity (cc N-logh, where N is the channel
number) [28-33]. However, for a system with a high symbol
rate per channel (e.g. 40 Gb/s), the practical implementation of
precise matched filters proves difficult, and may be
approximated in the optical domain using asymmetric Mach
Zehnder interferometers [23,24] or with simple digital filters
[22]. The impact of any residual crosstalk may then be
minimised using appropriate optimisation of the relative
phases of each sub-channel [25] or cancelled using post-
detection signal processing [26, 36]. In all cases, the net result
is the straightforward generation of a signal with a capacity per
polarisation equal to the number of bits per symbol (or
log>(m)), with the potential suitability for ultra-high total
capacities (between 300 and 1,080 Gb/s and beyond [37-39])
which are difficult to achieve using single carrier modulation.

IV. NON-LINEAR LIMITS

The above discussion applies equally to optical fibre, wireless
and copper based transmission systems, and in the absence of
any further signal degradation, performance approaching the
Shannon limit would be possible using forward error
correction. Wireless systems, particularly those employing
OFDM, experience non-linearity due to the saturation
characteristics of power amplifiers [40]. On the other hand,
periodically-amplified optical fibre based systems are
characterised by distributed non-linear effects in the fibre
itself. The most predominant non-linear effect arises from the
intensity dependent refractive index (Kerr effect) and results in

a number of phenomena such as self-phase modulation [41],
cross-phase modulation [42] and inter- [43] and intra-channel
[44] four wave mixing. Whilst many techniques to mitigate
the impact of non-linearity have been developed, including
most significantly dispersion management [45-49], the impact
of these non-linearities in terms of the information theoretical
limits have only recently been addressed [50-52]. The key
simplification introduced by Mitra and Stark [50] was to
equate a non-linear communication channel to a linear channel
with multiplicative noise, for which analytical results can be
obtained. It was found that, in contrast to linear channels with
additive noise, the capacity of a non-linear channel does not
grow indefinitely with increasing signal power, but has a
maximal value. This is a fundamental feature which
distinguishes non-linear communication channels from linear
ones. In making use of this new analytical approach, it is
assumed that any deterministic effects, such as chromatic
dispersion and self-phase modulation, which depend only on
the channel of interest, may be fully compensated. This
compensation may take the form of efficient modifications of
the transmitted or received signals based on prior knowledge
of the signal format itself. For example, reduction in dispersion
penalties are observed using pre-chirp [53,54] or electronic
dispersion compensation [55-57], whilst non-linear penalties
may be lowered by reducing phase noise (or timing jitter) by
modulating the received signal with a phase proportional to the
received intensity [58-60]. For multi-level formats, these
techniques may also be applied predicatively at the transmitter
[61]. Full non-linearity compensation may be applied at the
expense of complexity, either by optical phase conjugation
[62,63], or via emulation of back propagation using look-up
tables [64].

Assuming ideal compensation of all intra-channel effects other
than noise, cross-phase modulation (XPM), which causes
multiplicative noise, appears to be the principal source of
impairments that fundamentally limits the information capacity
of an optical communication system. XPM induces random
fluctuations in the target channel which are exponentially
related to the intensity of the neighbouring WDM channels. It
has been shown that the intensity scale for these fluctuations is
given by [50,65]

B.DAA
1 XPM N (6)
2.7/2 ln(zc}lef{ff

where B, D, AL and y are the channel bandwidth, local
dispersion, WDM channel spacing and fibre non-linear
coefficient respectively. N, is the number of WDM channels
and L.y is the non-linear effective length of the system given
by N,[1-exp(-al)]/c, for a system with lumped amplifiers
where « is the loss coefficient and N, is the number of
amplifiers. Here we have assumed equally spaced channels of
equal intensities. A related amount of information is lost from
the channel of interest due to the random crosstalk induced by
XPM. The net effect is to reduce the information capacity of a
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coherently detected (CD) system to
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where P, is the average signal power per channel. P, (for a
system with discrete amplifiers) is equal to Ny(G-1)ng,hvB,
where N, is the number of fibre spans, G is the amplifier gain
and ng, is the spontaneous emission noise factor. Note that this
equation is applicable to OFDM or coherent WDM
techniques, and in a conventional WDM system, the capacity
is reduced by a factor of B/Av, where Av is the channel
spacing in the frequency domain. The same approach has been
employed to determine the reduction in information capacity
when the dominant non-linearity is four-wave-mixing [5],
where the phase condition in the fibre is different. The
capacity bound is given by (7) with the non-linear intensity
Iypy replaced by Iy, where
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The general form of these predictions is confirmed by
independent analysis [66]. Following the same general
argument, it may be expected that the maximum ISD of a
system employing direct detection (DD) is similarly degraded.
Thus starting from the linear ISD limit [5, 67], we find (for
high OSNR) that:
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Figure 9 depicts the XPM-limited ISD versus transmitted
power density for coherent and direct detection. The
information limits in the linear channels are also plotted for
comparison. In the figure, a high local dispersion coefficient
value D and a non-quasi-phase-matched dispersion map are
assumed to avoid resonances in the non-linear response of the
system [43, 47]. High local dispersion values can help to
reduce the interaction between the WDM signals and ASE by
minimising the phase matching. The figure shows the increase
in maximum ISD achieved by using coherent detection, and
the effect of fibre non-linearity at higher transmitted powers
preventing indefinite growth in the channel capacity. For this

particular example, the effect of XPM becomes prominent at
transmitted power densities beyond ~0.01 W/THz, and a
maximum ISD of 6 b/s/Hz is predicted. A similar value was
reported in recent numerical simulations [68].

Table II. Simulation parameters used for figure 9 onwards, unless otherwise

specified. Values are selected to indicate general trends and do not represent
actual system designs.

Parameter Value
System Length 2,000 km
Amplifier Spacing 80 km
Amplifier Noise Figure 4.5 dB
Channel Spacing 50 GHz
Baud Rate 50 Gbaud
Fibre Loss 0.2 dB/km
Non-linear coefficient 1 W' km”
Group Velocity 20 ps/nm/km
Dispersion
Wavelength 1550 nm
Amplifier Bandwidth 5 THz
Number of channels 101
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Power Spectral Density (W/THz)

Fig. 9. Examples of predicted information spectral density limits per
polarisation for linear transmission with coherent (long dashes) and direct
(dot-dashed) detection and for non-linear transmission including XPM for
coherent (solid) and direct (short dashes) detection. Detailed parameters are
shown in table I

0.001

0.0001

It is relatively straightforward to calculate the maximum
launch power from (7) above, and thus predict the maximum
ISD for any given system configuration. Since the inception of
optical communication systems, advances in various individual
technologies have enabled these limits to be approached, and
the ratio of ISDs for numerous reported transmission system
experiments to the maximum values are shown in figure 10.
Much of the progress is attributed to improvements in
modulation efficiency, adoption of WDM and the subsequent
reduction in channel spacing. The reason for the recent
reduction in the rate of growth of bit rate distance product
(figure 2) also becomes apparent, as we observe in figure 10
that experimental measurements had already exceeded 50% of
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the theoretical maximum information capacity by 2008 [69].
This imminent limit to growth in the information capacity is
stimulating renewed interest in techniques for mitigating the
effect of non-linearity, in order to allow operation at higher
launch powers, and hence higher overall capacities (figure 9).
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Fig. 10. Maximum reported information capacity as a fraction of the
maximum information capacity (7) for the system configuration reported
versus the year for transmission distances up to 2,000km.
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Fig. 11. Maximum reported information spectral density versus transmission
distance for experimentally reported data (dots) and theoretical limits (lines)
with EDFA-amplified systems with 40km repeater spacing (dotted line) and
80km spacing (solid line) (other parameters as per table II).

Experimental data is also compared to the theoretical limits
in figure 11, but, this time, as a function of transmission
distance for direct detection (upper) and coherent detection
(lower). Again, we readily observe that recent experimental

results are within a factor of two of the maximum ISD
predicted by (7).

For the longest transoceanic systems (>10,000 km and
based on direct detection [60,70,71]), whilst the achieved ISDs
are usually modest, below 1 b/s/Hz, the results closely
approach the Shannon limit. In these papers, the dispersion
maps were optimised to minimize the impact of optical non-
linearity; this was achieved in various ways: by removing all
dispersion compensation from the system [70]; by combining
multiple fibre types within the transmission span with different
properties [71] or by destroying quasi-phase matching [43,44]
by carefully balancing broadband dispersion compensation
(fibre based) and using a periodic group delay compensation
device [60]. With the benefit of hindsight, we can say that each
of the dispersion management schemes above follow the
predictions of (7). In addition, these results partially benefited
from a degree of non-linearity compensation, either through
the use of guiding filters to combat intra-channel self-phase
modulation [60,72], or via mid-span spectral inversion [62,
70].

Coherent detection can greatly increase the limits to
information capacity, and has attracted much interest recently
for long haul transmission [33]. In order to approach the
maximum information spectral density in such system, the
dispersion is maintained at its maximum value throughout the
transmission to minimise non-linear effects, and the
information capacity of the transmitted channel may be
increased by using OFDM to minimise the spacing of sub-
carriers, and by using QPSK modulation on each sub-carrier.
Similar results were obtained using 134 WDM channels, each
of which carried OFDM with QPSK sub-carriers [22]. In both
cases, coherent detection not only fundamentally increased the
information capacity limit by reducing the information loss
from noise and allowing access to a second quadrature, but
also enabled the compensation of the accumulated chromatic
dispersion using DSP.

For shorter transmission distances more suited to inland
networks, transmission reaches in the region of 1,000 to 1,500
km are required [4]. In this case, a direct detection system
which also uses a form of OFDM to increase the ISD may be
used [27], where a dispersion map optimised for 40 Gb/s
transmission was used to minimise the impact of non-linearity
[49,73]. With coherent detection, fibre non-linearity was
successfully managed over an in-line compensated map by
using a RZ-shaped constant intensity modulation format, and
the ISD was increased further using 8-PSK [74].

Over even shorter distances, the improved OSNR enables the
use of yet higher-order modulation formats. Although a wide
variety of formats have been studied, the highest ISDs are
typically associated with single side-band [75], OFDM ([35],
and large constellation QAM systems [15, 76] , the common
feature of which is the efficient use of the available spectrum
by minimising duplication of information.
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V. INCREASING THE INFORMATION CAPACITY LIMIT

We observed in section IV that, for both direct and coherent
detection, the latest experimental results are falling on a line
approximately a factor of two away from the ultimate limits
predicted by the Shannon limit incorporating the effects of
cross-phase modulation. In the few cases where this gap
appears to have been closed, the experiments mitigated the
fibre non-linearity [60,70] or employed larger effective area
fibre (note that the reference calculations assumed a fixed
value of these parameters) [71,77].

In addition to implementing the various modulation formats,
impairment mitigation techniques, and FEC technologies to
approach the limit, it is also desirable to increase the maximum
information spectral density by taking optimum values for the
parameters in (6-8), including critical fibre characteristics
(loss, dispersion and non-linear coefficient), the channel
spacing, the effective amplifier noise figure and finally the
number of cascaded links. The capabilities of optically
multiplexed OFDM [39], or coherent WDM [27,37] to
generate phase coherent high capacity signals from a single
source, suggests one way to extend the theoretical ISD limit.
That is, by increasing the channel spacing, if compensation of
the linear and non-linear impairments may be applied across
the entire OFDM spectrum, an increased fraction of the
spectrum may be treated as a single channel [78,79]. Through
(7) we may expect that this would reduce the impact of XPM
enabling the information capacity limit to be enhanced.

—
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T
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Fig. 12. Theoretical channel information spectral density limits versus power
spectral density in a 10 THz bandwidth, plotted for different values of the
channel bandwidth: 1 GHz 100GHz, 1THz, 3THz, 5THz and 10 THz

(dashing length varies from 1GHz-longest to STHz shortest, and 10 THz is
the solid line) with other parameters as per table II.

0.001

In these systems, for a fixed amplifier bandwidth, e.g. 10 THz,
the non-linear ISD limit arising from XPM is dependent on the
channel granularity, as shown in figure 12, which depicts the
theoretical capacity limit in a 10 THz bandwidth for different
channel spacing (or occupied bandwidth per channel in OFDM
systems). From this figure, it can be seen that the maximum
information capacity is increased as the channel bandwidth
increases due to the anticipated dependence of information

capacity with channel bandwidth (6). The curve for 10 THz
corresponds to the one-channel case without the possibility of
XPM, and this is the same as the Shannon limit in a linear
channel. The bandwidth per channel is typically less than 100
GHz in present commercially available systems; a limit
imposed both by standardisation and also by the available
modulation and detection bandwidths.

The logarithmic dependence of (1) and (7) with respect to the
noise power spectral density reduces the benefit from amplifier
noise figure reductions, as showing in figure 13, such that a 1
dB reduction in noise figure results in substantially less than a
1 dB increase in the maximum ISD. In figure 13, we consider
the effect of reducing the amplifier noise figure from a typical
value of 4.5 dB to the quantum limit of 3 dB, confirming that
this offers only a small increase in the maximum ISD. In this
example, the ISD limit may be increased by a further 1 b/s/Hz
by using phase sensitive amplification for which the theoretical
minimum noise figure is 0 dB. Note that, in this case, we must
consider the quantum nature of light and that the photon
number distribution is fundamentally broadened by periodic
attenuation and amplification. The net effect of these quantum
processes is that the signal-to-noise ratio is improved by a
factor of 2 by moving from a quantum-limited phase
insensitive amplifier to a quantum-limited phase sensitive
amplifier [12,80,81]. Similarly modest increases in capacity
are expected from systems operating with distributed
amplification, where the OSNR is maximised [8]. Whilst the
increase in net ISD is small, of greater interest is the required
total launch power for a given ISD. For an ISD of 5.85 b/s/Hz,
according to figure 13, a system comprising 4.5 dB noise
figure amplifiers would require a launched power spectral
density of around 14 mW/THz. This would result in a system
operating in a non-linear transmission regime, requiring proper
design to minimise inter-channel non-linearity, and full
compensation of intra-channel non-linearity. On the other
hand, the use of ideal phase sensitive amplifiers allows the
operation of the same system in a linear transmission regime,
with a launch power spectral density of only 3.5 mW/THz,
representing a substantial energy saving, even when the
reduced power efficiency of phase sensitive amplifiers [82] is
taken into account. Practical deployment of such phase
sensitive amplifiers requires further development to realise
fibre to fibre noise figures approaching the assumed 0dB, and
the development of systems to ensure that the useable gain
bandwidth of a phase sensitive amplifier approaches that of the
phase insensitive parametric amplifiers [83]
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Fig. 13. Theoretical channel ISD for various values of the amplifier noise
figure (dotted: 4.5dB NF, dashed: 3dB NF, solid: 0dB NF), other parameters
as per table IL

We may therefore conclude from figure 13 that the overall
capacity could in principle be increased by 1-2 b/s/Hz by only
modifying the transponders and amplifier sites, offering
significant practical advantage.

Fibre designs, on the other hand, offers substantially greater
scope for performance improvement. Indeed many
transmission records were attributed to the fibre designs
[71,84] in addition to optimised transmission formats. Figure
14 illustrates the predicted maximum performance for a
number of measured solid core fibres, all of which demonstrate
a maximum information capacity between 6 and 8 b/s/Hz,
assuming optimum dispersion management and full
compensation of intra-channel non-linearity. Figure 14 also
shows for comparison speculative prediction of the
performance of a hollow core photonic crystal fibre (PCF),
where the non-linear coefficient has been reduced in
proportion to the estimated fraction of the optical signal
propagating in glass (1%) and the predicted minimum loss has
been assumed [85]. Preliminary transmission measurements
[86] have been performed at a wavelength of 1550 nm. In this
region, whilst the loss will be higher than that for conventional
fibres, it might be expected that the significantly reduced non-
linearity would enable the development of a hybrid system,
with PCF used in sections experiencing high optical powers,
and low loss fibre elsewhere. Development of the necessary
transponder and amplifier technology [e.g. 87, 88] for
operation in the mid-infrared region, accompanied by
achievement of the predicted low loss performance around
1900 nm, should enable the development of long reach
communication with information capacities above 10 b/s/Hz.
The overall capacity of the fibre will of course be restricted by
the wavelength range over which the fibre wave-guiding is
effective. Reductions in the effective non-linear coefficient are
also expected for multi-mode fibre systems [89], and
proportional increases in maximum ISD may be expected if
appropriate measures are taken to accommodate the bandwidth
limitations.

Table III. Fibre parameters used for figure 14 (Est: Estimated from effective
area or fraction of light propagating in medium, *: assumed value for
chromatic dispersion, $: predicted value)

Fibre Type Loss Non-linear Wave- Dispersion
(dB/k coefficient band (ps/nm/km)
m) (W'km™) (nm)
SMF-28™ 0.2 1 1550 17
Large area SMF | 0.23 | 0.85™ 1550 17"
[71]
LongLine™ | 0.185 | 0.75™ 1550 17"
[90]
Ultrawave™ 0.19 0.83 5" 1550 20
[91]
Vascade 0.175 | 1.15™ 1550 18.5
EX1000™ [92]
Hollow Core | 0.13% | 0.01™ | 1900 177
PCF [85]
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Fig. 14. Maximum ISD of various fibre types. See table III for fibre
parameters and table II for other parameters.

VI. CONCLUSIONS

Communication capacity has shown a remarkable exponential
growth over more than 30 years, with the overall capacity of
the core of the network closely tracking the user demand. In
this paper we have discussed the recent reduction in the growth
rate of communication capacity in laboratory systems and have
shown that this is because the reported capacities are
approaching the fundamental limits imposed by signal-to-noise
ratio [6] and the distributed non-linearity of conventional
optical fibres [50].

In the short term, capacity growth by a factor of approximately
two may be expected by each of the following approaches:
compensation of intra-channel non-linearity either through link
design or signal processing at the terminals; increase in the
total bandwidth (and capacity) of each channel using phase
coherent optical multiplexing; optimisation of the OSNR
through careful link design; adoption of distributed and phase
sensitive amplifiers and optimisation of the amplifier spacing.
However, with the underlying long term rate of capacity



JLT-11648-2009.R1

growth equal to a doubling every two years, it appears
inevitable that unless capacity demand saturates, or network
architectures are devised which radically alter the capacity
demands placed on the core network, new transmission media
will be essential within the next two decades.
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