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Abstract—The efficiency of digital nonlinearity compensation
(NLC) is analyzed in the presence of noise arising from ampli-
fied spontaneous emission noise (ASE) as well as from a nonideal
transceiver subsystem. Its impact on signal-to-noise ratio (SNR)
and reach increase is studied with particular emphasis on split
NLC, where the digital back-propagation algorithm is divided be-
tween transmitter and receiver. An analytical model is presented
to compute the SNR’s for nonideal transmission systems with arbi-
trary split NLC configurations. When signal–signal nonlinearities
are compensated, the performance limitation arises from residual
signal-noise interactions. These interactions consist of nonlinear
beating between the signal and copropagating ASE and transceiver
noise. While transceiver noise-signal beating is usually dominant
for short transmission distances, ASE noise-signal beating is domi-
nant for larger transmission distances. It is shown that both regimes
behave differently with respect to the optimum NLC split ratio
and their respective reach gains. Additionally, simple formulas for
the prediction of the optimum NLC split ratio and the reach in-
crease in those two regimes are reported. It is found that split NLC
offers negligible gain with respect to conventional digital back-
propagation (DBP) for distances less than 1000 km using standard
single-mode fibers and a transceiver (back-to-back) SNR of 26 dB,
when transmitter and receiver inject the same amount of noise.
However, when transmitter and receiver inject an unequal amount
of noise, reach gains of 56% on top of DBP are achievable by prop-
erly tailoring the split NLC algorithm. The theoretical findings are
confirmed by numerical simulations.

Index Terms—Digital nonlinearity compensation, digital back
propagation, Gaussian noise model, nonlinear interference, optical
fiber communications, split nonlinearity compensation, transceiver
noise.

I. INTRODUCTION

D IGITAL nonlinearity compensation (NLC) offers a great
potential in overcoming the limit in optical communica-

tion systems imposed by fiber nonlinearity [1]–[3]. Most digital
nonlinearity compensation techniques extend the physical link
with a virtual link in the digital signal processing (DSP) stage
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using an inverted propagation equation. To date, three different
implementations have been proposed in the literature, depending
on whether this virtual link is placed at the transmitter, receiver
or evenly split between them.

Receiver-side NLC, also called digital back-propagation
(DBP), has been proposed in numerous research papers to re-
duce the impact of fiber nonlinearities and achieve improved
transmission performance [4]–[9]. Reach increases of around
100% (from 640 km to 1280 km) and 150% (from 1000 km to
2500 km) have been experimentally demonstrated, when NLC
is applied jointly to all received channels [10], [11]. For shorter
distances, even a threefold increase in transmission distance was
experimentally achieved (233% from 300 km to 1000 km) [11].
Overcoming the relatively small bandwidths of digital-to-analog
converters and the use of mutually coherent sources enabled the
application of transmitter-side NLC, sometimes referred to as
transmitter-side DBP or digital precompensation (DPC) [12].
Reach gains of 100% (from 1530 km to 3060 km) and 200%
(from 425 km to 1275 km) for shorter distances have been shown
experimentally [13], [14].

The performance difference between transmitter-side and
receiver-side NLC lies only in the periodic arrangement of the
optical amplifiers along the link [15]. This is due to over-/under-
compensated ASE noise-signal interactions (hereafter “ASE
noise beating”) that strongly depend on the specific location
where each ASE noise contribution is introduced. For conven-
tional links, where an optical amplifier is located after each span,
DPC improves the transmission performance by up to one addi-
tional span. This gain in signal-to-noise ratio (SNR) decreases
with distance and is approximately 0.2 dB after 20 spans and
less than 0.1 dB after more than 45 spans [16].

Apart from transmitter and receiver-side NLC, an implemen-
tation has been proposed where the virtual link is equally divided
between transmitter and receiver, which is referred to as split
NLC or split DBP [15]–[17]. This approach minimizes the resid-
ual ASE noise beating and yields at least 1.5 dB improvement in
SNR compared to conventional DBP, assuming full-field com-
pensation (NLC applied jointly to all channels) and the absence
of transceiver noise. However, to date there is no experimental
demonstration of this potentially advantageous scheme.

All theoretical considerations above only assume ASE noise
injected by optical amplifiers. Therefore, they might not gen-
erally apply for real transmission systems that further exhibit
noise originating from non-ideal transceivers. Transceiver noise
(TRX noise) is related to the back-to-back performance; that is,
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the maximal achievable SNR in a transmission system. This phe-
nomenological quantity combines all noise contributions from
transmitter and receiver such as quantization noise of analogue-
to-digital (ADC) or digital-to-analogue (DAC) converters and
noise from linear electrical amplifiers. Additionally, it includes
noise from optical components such as optical amplifiers at
the transceiver and laser relative relative intensity noise (RIN).
We recently showed that resulting TRX noise-signal interac-
tions (hereafter “TRX noise beating”) significantly reduce the
gains of (receiver-side) digital back-propagation [11]. Due to
the adverse impact of transceiver noise beating, the performance
analysis of transmitter-side, receiver-side and split NLC must
be substantially revised for transmission systems with realistic
transceiver sub-systems.

In this paper, digital nonlinearity compensation in the pres-
ence of transceiver noise is studied with particular emphasis on
split NLC. We refer to split NLC as an arbitrary split of the
virtual link between transmitter and receiver, including DPC
and DBP as special cases. The contributions of the paper are
twofold. First, an analytical model is presented that predicts the
received SNR for any arbitrary NLC split ratio (in Section II).
Second, using this model, two regimes are defined depending on
the negligibility of either TRX or ASE noise beating. The two
regimes are studied separately as they both exhibit a different
behavior with respect to the optimum NLC split ratio and the
achievable reach gain. Simple expressions for their computa-
tions are reported and the implications of split NLC for realistic
systems are deduced (in Section II-A and II-B). Finally, the the-
oretical findings are confirmed by numerical simulations for two
cases (in Section III): One where the transmitter and receiver
inject an equal amount of noise and another where an unequal
amount of noise is injected.

II. ANALYTICAL MODEL

In this section the impact of transceiver noise on split non-
linearity compensation is studied analytically. Split NLC means
that nonlinearity compensation is performed over X spans at
the transmitter and over the remaining N − X spans at the re-
ceiver, where N is the total number of spans in the physical
link. The transceiver noise resulting from a limited transceiver
SNR (i.e., the back-to-back SNR) is divided between transmit-
ter and receiver according to a ratio κR, where κR = 0 means
that all the TRX noise is injected at the transmitter and κR = 1
means that all the TRX noise is injected at the receiver. In other
words, the transmitter imposes a maximum achievable SNR of
SNRTX = SNRTRX

1−κR
and the receiver imposes a maximum achiev-

able SNR of SNRRX = SNRTRX
κR

, where SNRTRX is the transceiver
SNR. The transmission set-up is schematically illustrated in
Fig. 1. In this work, TRX noise is modeled as additive white
Gaussian noise (AWGN). However, the results can be modified
to include coloured noise by inserting a frequency dependent
power spectral density in the integral expression of the nonlinear
interference coefficient. It is further assumed that the transceiver
noise ratio κR is not changed by the NLC algorithm itself.

Fig. 1. The transmission model used for investigating the performance of
fiber nonlinearity compensation, where the digital nonlinearity compensation is
arbitrary divided between transmitter and receiver.

The SNR after full-field nonlinearity compensation is given
by [11, Eq. (6)]

SNR = P

κ P + N PASE + 3η (κξTRX P + ξASE PASE) P2
, (1)

where P is the launch power per channel, κ = 1
SNRTRX

, PASE

is the ASE noise per amplifier, η is the nonlinear interference
coefficient for one span, ξTRX is the TRX noise beating accu-
mulation factor and ξASE is the ASE noise beating accumulation
factor. The latter two quantities represent uncompensated non-
linear mixing products between signal and noise and are the only
quantities in (1) that depend on X . Therefore, their minimization
plays a fundamental role for split nonlinearity compensation.
Both accumulation factors are given by

ξTRX = (1 − κR) X1+ε

︸ ︷︷ ︸

TX beat.

+ κR (N − X )1+ε

︸ ︷︷ ︸

RX beat.

, (2)

ξASE =
X−1
∑

i=1

i1+ε +
N−X
∑

i=1

i1+ε, (3)

where ε is the coherence factor [18], [19]. The coherence factor
is a measure for coherent accumulation of nonlinearity along the
spans of a link. The first term in (2) represents the residual un-
compensated beating between signal and transmitter noise and
the second term in (2) represents the residual beating between
signal and receiver noise. Equation (3) represents the residual
beating between signal and ASE noise from the optical ampli-
fiers that offset the span loss. Both beating contributions build
up during the propagation in the physical link (LINK box in
Fig. 1) and are then either reduced or enhanced in the virtual
link at the receiver-side (DBP box in Fig. 1). The influence of
polarization mode dispersion (PMD) is neglected as it can be
avoided by using low PMD or polarization maintaining (PM)
fibers. Additionally, modified NLC algorithms have been pro-
posed that reverse the effect of PMD in the virtual link [20].
As described in the following sections, the NLC split ratio that
minimizes the signal-noise interaction is different in the case of
TRX noise beating and ASE noise beating. ASE noise beating
can be typically neglected for short distances which we refer to
as the transceiver noise beating regime. On the other hand, TRX
noise beating can be neglected for very large distances which
we refer to as the ASE noise beating regime. In the following,
both regimes are studied separately with respect to their split
NLC gains and approximate inequalities are derived that define
both regimes.
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A. The Impact of Transceiver Noise Beating

We define the transceiver noise beating regime as the
regime, where the TRX noise beating is much stronger
than the ASE noise beating at optimum launch power
(

κξTRX Popt � ξASE PASE
)

. In the TRX noise beating regime the
general SNR (1) reduces to

SNR = P

κ P + N PASE + 3ηκξTRX P3
. (4)

The optimum NLC split Xopt is obtained by setting the deriva-
tive of (4) with respect to X to zero and solving for Xopt. The
optimum split is found as

Xopt =

⎢

⎢

⎢

⎢

⎣

N

1 +
(

1−κR
κR

) 1
ε

⎤

⎥

⎥

⎥

⎥

, (5)

with the optimum TRX noise beating accumulation factor

ξTRX,opt = (1 − κR)−
1
ε + κ

− 1
ε

R
[

(1 − κR)−
1
ε + κ

− 1
ε

R

]1+ε
· N 1+ε, (6)

where �x� denotes the nearest integer function. This function
is the result of the quantization of the number of spans. In the
following this rounding is removed for notational convenience.
It should be noted that the optimum NLC split ratio Xopt

N is only a
function of the transceiver noise ratio and the coherence factor.

For comparison, the gain in reach with respect to DBP (X =
0) is analyzed. The TRX noise accumulation factor for DBP
is ξTRX,DBP = κR N 1+ε [11]. Inserting ξTRX,opt and ξTRX,DBP in

(4), forcing SNRopt = SNRDBP and solving for �Nmax = Nopt

NDBP

yields the reach increase of split NLC with respect to DBP. The
result is

�Nmax =

⎧

⎪
⎨

⎪
⎩

κR

[

(1 − κR)−
1
ε + κ

− 1
ε

R

]1+ε

(1 − κR)−
1
ε + κ

− 1
ε

R

⎫

⎪
⎬

⎪
⎭

1
3+ε

. (7)

Similar to the optimum NLC split ratio, the gain in reach is
only dependent on the transceiver noise ratio and the coherence
factor. Equation (7) yields the gain with respect to DBP. In order
to obtain the reach gain compared to DPC (X = N ), κR must be
replaced by 1 − κR.

Typical transmission systems in optical communications ex-
hibit a high dispersion coefficient and wide optical bandwidths
that result in a small coherence factor. For dispersion param-
eters D > 16 ps

km·nm , attenuation coefficients α > 0.2 dB
km , and

optical bandwidths > 100 GHz, the coherence factor is ε < 0.1
for 80 km spans and EDFA amplification [18, Fig. 10]. Coher-
ence factors for backward pumped Raman-amplified systems
are slightly higher yielding ε < 0.17 for the same parameters
[19, Fig. 3]. For ε � 1 the optimum NLC split reduces to

Xopt =

⎧

⎪
⎨

⎪
⎩

0 if κR < 0.5,
N
2 if κR = 0.5,

N if κR > 0.5,

(8)

Fig. 2. Gain in reach of split NLC with respect to DBP as function of the
coherence factor for a variety of transceiver noise ratios. Shown are the exact
gain from (7) and its approximation for small ε from (10).

and the TRX noise beating accumulation factor reduces to

ξTRX,opt =
{

1
21+ε · N 1+ε if κR = 0.5,

min [1 − κR, κR] · N 1+ε otherwise.
(9)

Equation (8) shows that transmission systems with low coher-
ence factors and lower transmitter noise than receiver noise
should deploy transmitter-side NLC for maximum performance
and vice versa when there is more transmitter noise. In other
words, the virtual link should be placed at the one end where
less noise is injected. This, perhaps surprising, result is due to
the fact that only transceiver noise beating is considered in this
section.

The split NLC gain in reach with respect to DBP for ε � 1
yields

�Nmax =
⎧

⎨

⎩

1 if κR ≤ 0.5,
(

κR
1−κR

) 1
3+ε

if κR > 0.5.
(10)

There is no split NLC reach gain with respect to DBP for κR <

0.5 as DBP is already the optimum itself. When κR is replaced
by 1 − κR, (10) gives the split NLC reach gain with respect to
DPC due to symmetry reasons. It is apparent from (10) that
transmission systems with low coherence and equally divided
transceiver noise (κR = 0.5) exhibit no gain compared to DBP
in the TRX noise beating regime. However, split NLC gains
are significant, when the transceiver noise is unequally divided
between transmitter and receiver.

The split NLC reach gain with respect to DBP ((7) and its ap-
proximation (10)) are shown in Fig. 2 as a function of coherence
factor for a variety of transceiver noise ratios. Only transceiver
ratios κR ≥ 0.5 are shown. For lower transceiver noise ratios
the plot can be interpreted as the split NLC gain with respect
to DPC when κR is replaced by 1 − κR. Fig. 2 is sufficient to
estimate whether the coherence factor can be considered small
and the approximation (10) can be used. Equation (10) serves
as an excellent approximation for most of the cases except for
high coherence factors combined with a transceiver noise ratio
close to 0.5. The plot also shows that the split NLC reach gain is
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larger for systems with a larger unbalance between the amount
of noise injected by transmitter and receiver. For example, when
more noise is injected at the receiver and ε � 1, the receiver
noise beating (occurring in the DBP box in Fig. 1) can be fully
removed by placing the complete virtual link at the transmitter.
This will result in transmitter noise beating (occurring in the
physical link) which will be smaller than the removed receiver
noise beating.

In the following, a simple inequality is derived to determine
whether a transmission system is operated in the TRX noise
beating regime. First, we start with the condition that ASE noise
beating is negligible compared to TRX noise beating at optimum
launch power

ξASE PASE � ξTRκ Popt. (11)

Inequality (11) is then expanded as

ξASE PASE ≤ ξASE,DBP PASE � ξTR,optκ Popt ≤ ξTRκ Popt, (12)

with ξASE,DBP = ∑N
i=1 i1+ε . It is sufficient to consider the inner

inequality in (12) in order to show that (11) holds, which yields
(cf. [11, Appendix])

SNREDC,ideal [dB] � 2

3

(

SNRTRX

min [1 − κR, κR]

)

[dB] − 6.5dB,

(13)

where (·) [dB] means conversion to decibel scale and
SNREDC,ideal is the SNR at optimum launch power with elec-
tronic dispersion compensation only and no transceiver noise,
which can be calculated as

SNREDC,ideal = 1

3

√

27
4 P2

ASEηN 3+ε

. (14)

When inequality (13) is satisfied, the corresponding system is
operating in the transceiver noise beating regime and the opti-
mum split ratio and reach gain reported in this section applies.

B. The Impact of ASE Noise Beating

In this section the regime is discussed where the TRX noise
beating is much weaker than ASE noise beating at optimum
launch power

(

κξTRX Popt � ξASE PASE
)

. This regime has al-
ready been studied in the literature [15]–[17] and is therefore
only briefly covered. In the ASE noise beating regime the gen-
eral SNR (1) reduces to

SNR = P

N PASE + 3ηξASE P2 PASE
, (15)

with the optimum NLC split given as Xopt = � N
2 �, where �x� de-

notes the ceiling function with the optimum ASE noise beating
accumulation factor [16, Eq. (7)]

ξASE,opt =
(

N

2

)1+ε

+ 2

N
2 −1
∑

i=1

i1+ε . (16)

Similar to Section II-A, the gain of split NLC is compared to
the performance of DBP. The gain in reach �Nmax = Nopt

NDBP
can

TABLE I
SIMULATION PARAMETERS

be expressed as

�Nmax = 2
1+ε
3+ε . (17)

The split NLC reach increase is only a function of the coher-
ence factor with �Nmax = 25% for ε � 1. This means that a
reach increase of 25% is expected for typical high bandwidth
transmission systems in optical fiber communications.

Similarly to Section II-A, an inequality is derived to determine
whether a transmission system is operated in the ASE noise
beating regime. First, we start with the condition that TRX
noise beating is negligible compared to ASE noise beating

ξASE PASE � ξTRκ Popt, (18)

which is then expanded to (for ε � 1)

ξASE PASE > ξASE,opt PASE ≈ 1

2
ξASE,DBP PASE

� ξTRX,maxκ Popt > ξTRXκ Popt. (19)

Considering only the inner inequality to prove (18) yields

SNREDC,ideal [dB] � 2

3

(

SNRTRX

max [1 − κR, κR]

)

[dB] − 9.5dB,

(20)

with SNREDC,ideal as in (15). When inequality (20) holds, the
corresponding transmission system is operated in the ASE noise
beating regime and the optimum split ratio and the reach gain
reported in this section applies.

III. SIMULATION RESULTS

In this section two optical transmission systems are simulated
by numerically solving the Manakov equation using the split-
step Fourier (SSF) algorithm with parameters listed in Table I.
Additive white Gaussian noise was added at transmitter and
receiver to emulate a finite transceiver SNR and nonlinearity
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compensation was carried out as schematically shown in Fig. 1.
Transceiver nonlinearities imposed by Mach-Zehnder modula-
tors and the saturation of electrical amplifiers are included in
the phenomenological quantity transceiver noise and were not
separately modeled. A matched filter was used to obtain the
output symbols and the SNR was ideally estimated as the ratio
between the variance of the transmitted symbols E[|X |2] and
the variance of the noise σ 2, where σ 2 = E[|X − Y |2] and Y
represents the received symbols after digital signal processing.
The nonlinear interference coefficient and the coherence factor
were obtained in closed-form from [18, Eq. (13) and Eq. (23)]
with the modulation format dependent correction from [21, Eq.
(2)]. Closed-form expressions for both quantities in the context
of Raman amplification can be found in [19].

In order to test the theory presented in Section II, a system
with a transceiver noise that is equally divided between trans-
mitter and receiver (κR = 0.5) and a system with an unequal
division of transceiver noise (κR = 0.8) are simulated.

A. Equal Transmitter and Receiver Noise Contribution

An optical transmission system with an equal share of
transceiver noise between transmitter and receiver (κR = 0.5)
is simulated. The received SNR at optimum launch power as
a function of distance is shown in Fig. 3. The lines represent
the analytical model estimated by (1) at optimum launch power
for electronic dispersion compensation (EDC), DBP (X = 0),
DPC (X = N ) and split NLC with the optimum split NLC
of Xopt = � N

2 � between transmitter and receiver. A split of
X = � N

2 � is the optimum for a system where the transceiver
noise is equally divided between transmitter and receiver. For
the EDC case a summand η1+ε P3 is added in the denominator to
include signal-signal nonlinearity in (1). Markers represent re-
sults obtained by numerical simulation. Furthermore, the same
transmission system without transceiver noise (SNRTRX = ∞
dB) is shown with dashed lines and the point where ASE noise
beating approximately equals TRX noise beating is shown with
a black vertical dashed line. For the given system parameters,
both beating contributions are approximately equal at 58 spans
according to (13).

Fig. 3 shows that the model is in excellent agreement with
the simulation results. In the case of finite transceiver SNR, the
NLC gains increase with distance, as the transceiver SNR has
less impact for lower values of received SNR. This is contrast
to the case of no transceiver noise, where the gains of nonlinear
compensation decrease with distance.

Further, in the case of a finite transceiver SNR, there is neg-
ligible performance difference between DPC (green line) and
DBP (blue line), as they only differ for short distances due to an
advantage of one span in favor of DPC in the ASE noise beating
contribution [16, Fig. 2]. However, short transmission distances
are dominated by TRX noise beating where both perform the
same (cf. (2) with κR = 0.5).

Moreover, as predicted in Section II, there is negligible gain
of split NLC when TRX noise beating is dominant. The left-
hand side of (13), which defines the TRX noise beating regime,
scales as −10 dB per decade in distance increase (for ε � 1).

Both beating contributions are approximately equal at 58 spans
for the chosen parameters. Therefore, the TRX noise beating
contribution is 10 dB higher than the ASE noise beating at
58
10 ≈ 6 spans and the transmission system is well inside the
TRX noise beating regime. At this point, ASE noiss beating
starts to be notable and split NLC begins to yield notable gains.

At 72 spans the gain of split NLC in reach compared to
DBP is 22%. Even at such a long transmission distance, the
gain is not fully converged to the case of SNRTRX = ∞ dB.
According to (20), a span number of at least 580 is required for
the TRX noise beating to be one order of magnitude lower than
ASE noise beating. Such distances are not of practical interest,
which illustrates the importance of transceiver noise beating in
real systems. Inequality (20) can further be used to estimate the
impact of a different transceiver SNR. As an example, to shift the
point where ASE noise beating approximately equals TRX noise
beating to 5.8 spans, a transceiver SNR of an extraordinary 41 dB
would be needed. Both calculations underline the importance of
TRX noise beating in relation to ASE noise beating.

Fig. 3 shows that systems with a transceiver SNR of 26 dB
are usually operated in the TRX noise beating regime for short,
medium and long-haul distances and in a mixed regime for
transatlantic and transpacific distances. Split NLC proves only
useful in the latter case for transmission systems with equally
divided transceiver noise.

B. Unequal Transmitter and Receiver Noise Contribution

In this section the same optical transmission system as in the
previous section is simulated but with 20% of the transceiver
noise injected at the transmitter and 80% injected at the receiver
(κR = 0.8). Unequal contributions of transceiver noise are more
likely in realistic transmission systems. The received SNR at
optimum launch power as a function of distance is shown in
Fig. 4(a). The lines represent the analytical model estimated by
(1) at optimum launch power for EDC, DPC and DBP. Further,
a NLC split of X = � N

2 � and the optimum split Xopt obtained by
taking the maximum of all possible splits X ∈ [0, N ] are shown.

The absolute SNR as well as the SNR gain predictions of
the model are in very good agreement with the simulation re-
sults. Fig. 4(a)) shows that optimum split NLC yields significant
reach gain with respect to DBP throughout all distances. For in-
stance, in the TRX noise beating regime a reach gain of 56%
is achieved (from 5 to 8 spans). This is in stark contrast to
the case of equal division of transceiver noise in the previous
section and confirms the theory presented in Section II. In the
TRX noise beating regime the optimum NLC split is X = N
which is equivalent to the DPC case. As shown in Fig. 4(a)
DPC performs optimumly up to approximately 30 spans where
the amount of ASE noise beating becomes comparable to the
amount of TRX noise beating. As the coherence factor is quite
low (ε = 0.108), the simple (10) accurately predicts the reach
gain, yielding a reach increase of 56% for this example. The
DPC curve starts to approach the DBP curve with a residual gap
as the TRX noise beating contribution is not negligible up to this
point. Consequently, the optimum NLC split ratio at 120 spans
is 56% with a gain of 1.34 dB in SNR with respect to DBP.
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Fig. 3. SNR at optimum launch power as a function of span number obtained by simulation (markers) and (1) (lines). The case with an infinite transceiver SNR
(dashed lines) and a finite transceiver SNR of 26 dB (solid lines) are shown. The transceiver noise is equally divided between transmitter and receiver (κR = 0.5).

Fig. 4. (a) SNR at optimum launch power as a function of span number and the SNR as a function of NLC split ratio (b) obtained by simulation (markers) and
(1) (lines). The transceiver SNR is 26 dB and the transceiver noise is unequally divided between transmitter and receiver (κR = 0.8).

Those gains are still not in-line with the theoretical results in
Section II-B as some residual transceiver noise is still affecting
the transmission.

The split NLC gain with respect to DBP as a function of the
NLC split ratio is shown in Fig. 4(b) for 16, 34 and 120 spans.
The gain of optimum split NLC is 0.74 dB at 16 spans. As
the ASE noise beating becomes more significant, the optimum
split ratio slowly shifts from X = N to X = � N

2 �. At 34 spans,
where the amount of ASE noise beating is approximately equal
to the amount of TRX noise beating, the relative optimum NLC
split ratio is 73%. For longer distances the ASE noise beating
contribution becomes more dominant and the optimum NLC
split ratio is with 54% close to X = � N

2 �.
It might be surprising for the reader that the gain in reach

is decreasing with transmission distance (e.g., from 56% at 5
spans to 25% at 70 spans) but the gain in SNR is increasing with
distance (e.g., from 0.4 dB at 5 spans to 1.1 dB at 70 spans).
Split NLC seems to yield higher SNR gains for longer distances
and higher reach gains for shorter distances. This effect is due
to the linear transceiver noise term κ P in (1). Different received
SNR’s are affected differently by the linear transceiver noise

contribution and as a result the SNR gains for short distances are
not visible. Hence, the gain in SNR as a figure of merit may be
a misleading quantity for comparing nonlinearity compensation
techniques in systems that are impaired by transceiver noise.
From that perspective, reach increase evaluated at the same
received SNR is a fairer figure of merit, as the linear transceiver
noise affects both points equally.

The obtained SNR values were further used to estimate the
mutual information (MI) per polarization as described in [10].
Mutual information is defined as

MI = 1

m

∑

x∈X

∫

C
p(y|x) log2

p(y|x)

p(y)
dy, (21)

where m is the cardinality of the QAM constellation, x and y
are random variables representing the transmitted and received
symbols and X is the set of possible transmitted symbols. As-
suming an AWGN channel, the channel law is given by

p(y|x) = 1

πσ 2
n

exp

(

−|y − x |2
σ 2

n

)

. (22)
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Fig. 5. MI at optimum launch power as a function of span number obtained
by simulation (markers) and (1) (lines). A finite transceiver SNR of 26 dB is
assumed where the transceiver noise is unequally divided between transmitter
and receiver (κR = 0.8).

Equation (21) was then numerically integrated using the Monte-
Carlo method. The resulting MI of the simulated transmission
system is shown in Fig. 5 as a function of span number. At 34
spans (1920 km) DBP increases the MI compared to EDC by
3.2 bit/symbol and split NLC yields another 0.55 bit/symbol on
top of the DBP gain. This shows that a reasonable throughput
increase can be achieved by applying split NLC.

IV. CONCLUSION

The performance of split nonlinearity compensation was
analyzed in the context of realistic transceiver sub-systems. It
was demonstrated that the gain of split NLC and the optimum
split ratio is strongly dependent on whether TRX noise or
ASE noise beating dominates. Simple formulas were derived
that can be used for system design and gain prediction. It was
found that split NLC yields negligible gain compared to DBP
for distances below 800 km and a transceiver SNR of 26 dB
that is equally distributed between transmitter and receiver.
However, when the transceiver noise is unequally distributed,
reach increases of 56% on top of digital back-propagation are
achievable for the system under test. Alternatively, split NLC
can be applied to increase the mutual information by 0.55
bits/symbol for distances larger than 1440 km, compared to
DBP. This demonstrates that significant throughput or reach
increase can be achieved by properly tailoring the digital
nonlinearity compensation algorithm to the noise distribution
of the underlying optical transmission system. The results of
this work suggest that split NLC yields greater reach increases
than current experimental demonstrations using DBP or DPC.
This demonstration is left for future work.
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Domaniç Lavery received the M.Phys. degree in theoretical physics from
Durham University, Durham, U.K., in 2009, and the Ph.D degree in electronic
and electrical engineering from the University College London (UCL), London,
U.K., in 2013.

He commenced a Royal Academy of Engineering Research Fellowship in
December 2016 on the topic of “Simplified Transceiver Architectures for High
Capacity Optical Networks,” having previously worked as a Postdoctoral Re-
search Associate on the EPSRC UNLOC project, investigating digital signal
processing for optical fibre communications.He was a member of the Optical
Access Systems and Wireless Backhaul Networks (N4) subcommittee for OFC
(2015-2017) and, additionally, served on the technical programme committee
for the 20th European Conference on Networks and Optical Communications
(NOC, 2015). He was awarded the IEEE Photonics Society Graduate Student
Fellowship in 2012, and the Marconi Society’s Paul Baran Young Scholar Award
in 2013.

Lidia Galdino received the M.Sc. and Ph.D. degrees in electronic and electrical
engineering from the University of Campinas, Campinas, Brazil, in 2008 and
2013, respectively. In 2013, she joined the Optical Networks Group, University
College London, London, U.K., as a Senior Research Associate.

She was a co-recipient of the RAEng Colin Campbell Mitchell Award in
2015. She was named as one of the 2017 “Top 50 Women in Engineering under
35” by The Telegraph and Women in Engineering Society which features the
U.K.’s top rising female stars of engineering.

Robert I. Killey received the B.Eng. degree in electronic and communications
engineering from the University of Bristol, Bristol, U.K., in 1992, the M.Sc.
degree from the University College London (UCL), London, U.K., in 1994,
and the D.Phil. degree from the University of Oxford, Oxford, U.K., in 1998.
He is currently a Reader in optical communications with the Optical Networks
Group, UCL. His research interests include nonlinear fiber effects in WDM
transmission, advanced modulation formats, and digital signal processing for
optical communications. He has participated in many European projects, in-
cluding ePhoton/ONe, Nobel, BONE, and ASTRON, and national projects. He
is currently a Principal Investigator in the EPSRC funded UNLOC project. He
has worked on the technical program committees of many international con-
ferences including ECOC, OFC, ACP, and OECC. He was an Associate Editor
of the IEEE/OSA Journal of Optical Communications and Networking and is
currently an Associate Editor of the Journal of Lightwave Technology.

Polina Bayvel received her B.Sc. (Eng.) and Ph.D. degrees in electronic and
electrical engineering from University of London, UK, in 1986 and 1990, re-
spectively. In 1990, she was with the Fiber Optics Laboratory, General Physics
Institute, Moscow (Russian Academy of Sciences), under the Royal Society
Postdoctoral Exchange Fellowship. She was a Principal Systems Engineer with
STC Submarine Systems, Ltd., London, UK, and Nortel Networks (Harlow, UK,
and Ottawa, ON, Canada), where she was involved in the design and planning
of optical fibre transmission networks. During 1994-2004, she held a Royal
Society University Research Fellowship at University College London (UCL),
and in 2002, she became a Chair in Optical Communications and Networks.
She is the Head of the Optical Networks Group (ONG), UCL which she also
set up in 1994. She has authored or co-authored more than 350 refereed journal
and conference papers. Her research interests include wavelength-routed optical
networks, high-speed optical transmission, and the study and mitigation of fibre
nonlinearities.

Prof Bayvel is a Fellow of the Royal Society, Royal Academy of Engineering
(FREng), IEEE, Optical Society of America, UK Institute of Physics, and the
Institute of Engineering and Technology. She was the recipient of the Royal
Society Wolfson Research Merit Award (2007-2012), 2013 IEEE Photonics
Society Engineering Achievement Award, and the 2014 Royal Society Clifford
Patterson Prize Lecture and Medal. In 2015 she and 5 members of ONG received
the Royal Academy of Engineering Colin Campbell Mitchell Award for their
pioneering contributions to optical communications technology.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


