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We consider the information channel described by the Schrédinger equation with additive Gaussian noise. We
introduce the model of the input signal and the model of the output signal receiver. For this channel, using per-
turbation theory for the small nonlinearity parameter, we calculate the first three terms of the expansion of the
conditional probability density function in the nonlinearity parameter. At a large signal-to-noise power ratio,
we calculate the conditional entropy, output signal entropy, and mutual information in the leading and next-to-

leading order in the nonlinearity parameter and in the leading order in the parameter 1/SNR. Using the mutual
information, we find the optimal input signal distribution and channel capacity in the leading and next-to-leading
order in the nonlinearity parameter. Finally, we present the method of the construction of the input signal with the
optimal statistics for the given shape of the signal.  ©2022 Optica Publishing Group
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1. INTRODUCTION

Nowadays, fiber-optic communication channels are actively
developed. That is why it is important to know their maxi-
mum information transmission rate, i.e., channel capacity.
For small powers of the outcoming signal, these channels are
well described by linear models. For the powers in question,
the capacity of the noisy channel was found analytically in
Shannon’s famous papers [1,2]:

C o log(1 + SNR), (1)

where SNR = P /N is the signal-to-noise power ratio, P is the
average input signal power, and N is the noise power. As one
can see from this relation, to increase the channel capacity with
the noise power being fixed, it is necessary to increase the signal
power. However, as the signal power increases, the nonlinear
effects become more important. In this case, a simple expression
for the capacity of this noisy nonlinear channel is unknown.
The reason is that the expression should take into account all
details of the mathematical model of the nonlinear channel.
This model implies the following components: the input signal
model, i.e., the method for encoding incoming information,
the physical signal propagation model across the fiber wire,
the receiver model (i.e., signal detection features, frequency
filtering), and the procedure of signal post-processing. Thus,
for different channel models, the expressions for capacity will
also be different even for some matching components. It is very
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difficult to find an explicit expression for capacity even for a
specific (and often highly simplified) model of a nonlinear com-
munication channel. A more realistic problem for such channels
is to find the upper or lower bounds for the capacity. For exam-
ple, in the case of commonly used models involving the signal
propagation governed by the nonlinear Schrédinger equation
(NLSE) with additive white Gaussian noise (see Refs. [3—6] and
references therein), an expression for capacity has not yet been
obtained. However, in the case when a small parameter is present
in the model, often it is possible to invoke the perturbation
theory for this parameter if the zero-parameter model turns out
to be solvable. For instance, in the case of low noise power in
the channel (i.e., for a large SNR parameter), one can develop
an analog of the semiclassical approach in quantum mechanics
[7]. Further, in the case when the coefficient of the second dis-
persion in the channel is small, it is also possible to construct the
perturbation theory based on this parameter [8-10], since the
zero-parameter model is well developed [4,11-18]. Finally, in
the case of moderate input power, it is also possible to develop
the perturbation theory for the Kerr nonlinearity parameter
of the fiber [19]. In different approaches, the capacity for an
optical fiber channel with nonzero dispersion and Kerr nonlin-
earity has been studied both analytically and numerically; see
Refs. [20—27] and references therein.

In the present paper, we focus on the study of the nonlinear
channel described by NLSE with additive Gaussian noise using
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the perturbation theory in the small parameter of Kerr non-
linearity and large SNR. To this end, we consistently build the
model of the input signal X (¢), we study the impact of the spec-
tral noise width on the output signal Y(¢) (i.e., the raw signal in
the receiving point), and we investigate the influence of the sig-
nal detection procedure in the receiver and the post-processing,
i.e., the procedure of input data extraction from the received
signal Y'(¢). We carry out all our calculations in the leading and
next-to-leading orders in the Kerr nonlinearity parameter.

To study the mutual information, we use the representa-
tion for the conditional probability density function (PDF)
P[Y(2)|X(2)], ie., the probability density to get the output
signal Y'(#), if the input signal is X (¢), through the path-integral
[7]. This representation for P[Y(#)|X(#)] is especially con-
venient to use the perturbation theory. Generally speaking, the
function spaces of the input signal X (¢) and output signal Y ()
are infinite-dimensional. However, information is transmitted
using some finite set pulses of a certain shape, spread in either
time or frequency space. For example, the input signal X (#) can
be constructed as follows:

M
X(t)= ) Cus(t—kT;). 2

k=—M

Here 5 (¢) is a fixed envelope function of time, C} are complex
variables that carry information about the input signal, and
7y is a time interval between two successive pulses. The prob-
lem of information transfer is reduced to recover coefficients
{C_pm, ..., Cp} from the signal Y(z) received at the output.
To find the informational characteristics of the communication
channel, we need to reduce density functional P[Y(¢)| X (#)] to
functional P[{C}|{C}], i.e., the conditional probability density
to geta set of coefficients { C}}, if the input signal is encrypted by
coefficients {C;}. Functional P[{C}|{C}] depends on both the
physical laws of signal propagation along the communication
channel and the detection procedure with post-processing of the
signal. Generally, functional P[{ C}{C}] cannot be reduced to a
factorized form,

M

PiCHICH= ] PPICICH, 3

k=—M

due to dispersion effects in the first place. This means that we
deal with a communication channel with memory (commonly,
an infinite one). Fiber optical channels with memory were
previously considered in many papers; see, for example, Ref.
[26].

In our work, we calculate density P[{C}|{C}] for a nonlin-
ear fiber optic communication channel, in which the signal
propagation is governed by the NLSE with additive Gaussian
noise of finite spectral width. Our model also includes a receiver
model and post-processing procedure of the extraction of
coefficients {C}} from the detected signal Y (¢). Density func-
tional P[Y(2)| X (#)] as well as density PI{C}{C}] were found
with the use of two different methods. The first method is
based on direct calculation of the path-integral representing
P[Y ()| X(#)] via the effective two-dimensional action [7] in
the leading and next-to-leading orders in parameter 1/SNR
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and in the parameter of Kerr nonlinearity, correspondingly.
The second method is based on independent calculation of the
correlators of the solution of the NLSE with additive Gaussian
noise for a fixed inputsignal X (¢).

Using the found density PI{C}{C}], we calculated the
entropy of the output signal and conditional entropy. It allowed
us to find mutual information in leading and next-to-leading
orders in parameter 1/SNR and in the parameter of Kerr nonlin-
earity. Then we found the extremum of the mutual information
and calculated the probability density of the input signal
Py [{C}] that delivers this extremum. We demonstrated that
in the first non-vanishing order in Kerr nonlinearity, proba-
bility density Po[{C}] is not factorized, i.e., already in the
leading order in the nonlinearity parameter, the fiber optic
channel is the channel with memory. The optimal distribution
Py [{C}] allowed us to construct conditional probabilities
PopclCelC_pt, .., Covy Cpyts .., Cpyl, which, in turn, are
needed to construct the input signal with the given statistics
Popc[{C}]. Using the explicit form of distribution Py [{C}],
we demonstrated that the difference between the mutual
information found using the optimal statistics and the mutual
information calculated using Gaussian distribution occurs only
in the fourth order in the small parameter of Kerr nonlinearity.
To demonstrate our analytical results, we performed numeri-
cal calculations of mutual information, optimal distribution
function, and correlators of the output signal for various param-
eters of the second dispersion, as well as for pulse sequences of
different lengths.

The paper is organized as follows. The next section is ded-
icated to the channel model description: we describe the
structure of the input signal, then introduce the procedures of
receiving and post-processing. We introduce the conditional
PDF in the case of small Kerr nonlinearity in the third section.
In this section, we propose two approaches to the perturbative
calculation of the conditional PDFE. The details of this calcu-
lation are presented in Supplement 1. The fourth section is
devoted to the derivation of mutual information. The resulting
expression for mutual information uses tensor notations for
the coefficients calculated in detail in Supplement 1. These
universal coefficients allow us to present the optimal input signal
distribution in the fifth section. In this section, we present the
theoretical and numerical results. We present the statistical
method of the construction of the optimal input signal in the
sixth section: we describe the correlations of input symbols
resulting in optimal distribution. The conclusion finalizes our
consideration of the optimal input signal distribution for the
nonlinear channel with small Kerr nonlinearity.

2. MODEL OF THE CHANNEL

Let us start the consideration from the input signal
representation.

A. Input Signal Model

In our model the input signal X (#) has the following form:

M
X(r) = Z Cos(t — kTp). (4)
b=—M
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Thus, the signal is the sequence of 24/ + 1 pulses of the shape
5 (¢) spaced by time 7j. The complex coefficients Cy, carry the
transmitted information. We chose the pulse envelope s (¢) pos-
sessing two properties. The first property is the normalization

condition:
®d
/W 7;52@)=1. 5)
The second property is the orthogonality condition,
®d
/ —t:(t—/eYZ))s(t—mYE))ZS/m, (6)
—oo o

where 8y, is the Kronecker §-symbol. Below, we will consider
two different types of function s (¢). The first one is the sinc-type
function,

sin(We/2)
we

where W=2n/1; is the input signal bandwidth. Note that
these envelopes are overlapping; however, properties (6) and (7)
are fulfilled. We focus our attention in the following calculations
primarily on the sinc-type of envelope.

The second type is the Gaussian function,

[ 2
s(t) = Tj;]_e p( 22) (8)

where 7 is characteristic signal duration. Below, we imply that
7 & Tp. It is parameter T that determines the frequency band-
width of the input signal. So the orthogonality condition (6) can
be satisfied only approximately with any specified precision by
choosing the value of time 7.

Complex coefficients Cy, are distributed with PDF Px[{C}].
Below, we refer function Px[{C}] as the input signal PDEF,
where {C}={C_u;, C_p111, ..., Cp} is the ordered set of
coefficients C;. In our model, we consider the continuous PDF
Px[{C}] normalized by the condition

M
/ ( I1 dzck> Px[{C =1, ©)
k=—M

where d*C, = dReC,dImC;. We also restrict our consid-
eration by the input signal X(z) with the fixed averaged
power P:

2 % dt 2
P= f(]"[ dq) Pxl{CH] 2M—|—1/ ZIXOP.

(10)

5(2) =sinc [Wz/2] =2 (7)

B. Signal Propagation Model

In our model, the propagation of the signal ¥ (z, ¢) is described
by the NLSE with additive Gaussian noise (see Refs. [3—6]):

9V (2, 1) + B0}V (2, 1) — iy Y (= DIV (2, 1) = (3, 1),
(11)
with the input condition ¥ (0, £) = X(#). In Eq. (11), B is
the second dispersion coefficient, y is the Kerr nonlinearity

Research Article

coefficient, and 7(z, ) is an additive complex noise with zero
mean:

(n(z’ t))?? =0 (12)

Here (...), is the averaging over the realization of noise (z, ).
We also imply that the correlation function (n(z, £)ij(Z, ),
has the following form:

W (W
(n(z, Dii(. £)), = Q_sine (% 5(z—2).
(13)

Here and below the bar means complex conjugation. Parameter
Qin Eq. (13) is a power of noise (2, ) per unit length and per
unit frequency. Parameter W is the bandwidth of the noise. Note
thatlimg, | Xsmc( W(t L )) §(t—1).

Below, we imply that noise bandwidth W is much greater
than bandwidth W of input signal X (#) and much greater than
bandwidth W of the solution ®(z=L, ¢) of Eq. (11) with
zero noise. Here L is the signal propagation distance. So in our
consideration, we set

W W > W. (14)

The solution ®(z, ¢) of Eq. (11) with zero noise and with the
input boundary condition ®(z=0, ) = X(¢) will play an
important role in our further consideration. Details of the per-
turbative calculation of the solution ®(z, r) and its properties
are presented in Subsection 2 of Supplement 1.

C. Receiver Model and Post-Processing

To recover the transmitted information, we perform the pro-
cedure of output signal detection at z = L. Our receiver detects
noisy signal ¥ (L, ) [solution of Eq. (11) with noise], then it
filters the detected signal in the frequency domain. After that, we
remove the phase incursion ¢’ @’L related with the second dis-
persion coefficient and obtain signal ¥, (#). So in the frequency

domain, we finally obtain detected signal ¥ (w):
Tiw) = PHoWi2 — o [ die ey, (19)

where W is the frequency bandwidth of our receiver. In our
model, bandwidth W, is much less than W aswell as in Eq. (14).
Also, it is reasonable to consider the receiver with bandwidth
W, > W, asitisour case.

To obtain the information, we should recover coefficients { C}
from signal ¥ (w). To this aim, we project signal ¥, (#) on shape
functionss (t — £ Tp):

=i/ des (¢ — kR T) Yy ()
Ty J -

=5 T / dos ® () Yy(w), (16)

where s ® (w) is the Fourier transform of function s (z — £ T5):

sP(w) = / des (t — FT)e™ = " 105 (w). (17)


https://doi.org/10.6084/m9.figshare.18857870

Research Article

Due to the noise and nonlinearity of Eq. (11), the recovered
coefficient C; does not coincide with coefficient C;. However,
in the case of zero nonlinearity and zero noise, our detection
procedure allows us to recover all coefficients { C}.

The informational characteristics of the channel are described
by the conditional PDF P[{C}|{C}] to receive the sequence {C}
for input sequence { C}. So we have to find the conditional PDF
PI{C}{C}].

3. CONDITIONAL PDF P[(C}|(C]]

In this section, we find the conditional PDF P[{C}|{C}] using
two approaches. The first one is based on the result of Ref.
[7] where the conditional PDF P[Y(w)|X(w)] to receive the
output signal Y(w) for the input signal X (w) is represented
in the form of path-integral. The second approach is based on
calculation of the output signal correlators in the leading and
next-to-leading orders in parameter Q. Let us briefly discuss the
firstand second approaches.

The base of the path-integral approach is the representation
for the conditional PDF P[Y(w)|X(w)] in the frequency
domain (see Ref. [7]):

Y (L,w)=Y(w)

S
P[Y(w)IX(w)]=/ i
v

Dy (2, w) exp I:—Til s
(18)

0,0)=X(w)

where the effective action S[v/] reads
L dw o
5[W]=/ dzf — [0,¥ (2, 0) — iBo*Y (2, ®)
0 W 2w

. / dwlda)zda)3
— iy - -

2n) S(wy + wy — w3 — W)

X Y (z, o)V (2, )P (2, 03)|” (19)

and the integration measure DV (z, w) is defined
in such a way to obey the normalization condition
[ DY () P[Y(w)| X(w)]=1; for details, see Ref. [7]. As
mentioned above, function P[Y(w)|X(w)] contains redundant
degrees of freedom, since the receiver does not detect all frequen-
cies of the output signal Y (w). That is why we have to introduce
the conditional PDF P;[Y;(w)| X (w)], which is the result of the
integration of function P[Y(w)| X ()] over redundant degrees
of freedom Y(w), |o| > Wy /2:

PylYs(@)| X(@)] = / [DY(@)]jw)>w, 2 PLY (@) | X (@)].

(20)
So function P,[Y,;(w)|X(w)] contains only detectable degrees
of freedom Yy (w), |w| < W;/2; see Eq. (15). If one knows
function PylYu()| X(w)], it is easy to calculate an arbitrary

correlator (6’/el ... C~’/eN), where
(Chy .. Cap) = / DYy(@) PalYa(@)| X(@)ICyy ... Chy,

y (21)
where Cy, is defined in Eq. (16). For our purposes, we should
know correlators in the leading order in noise parameter Q, and
up to second order in nonlinearity parameter y. Knowledge
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of these correlators allows us to construct the conditional
PDF P[{C}|{C}] that reproduces all correlators with nec-
essary accuracy. Details of this calculation are presented in
Supplement 1.

Note that the parameter y has the dimension, however,
all terms of the expansion in the parameter y of any physical
quantity have the same dimension. Therefore, when we write
“expansion in the parameter y” we imply asymptotical expan-
sion in the dimensionless parameter y L P, where P is the
averaged input signal power.

The second approach allows us to calculate the same corre-
lators (21) by solving Eq. (11) up to second order in parameter
y and up to first order in noise parameter Q (i.e., the second
order in function 1(z, t)). We substitute the solution ¥ (L, #) of
Eq. (11) into Eq. (15); then the result of Eq. (15) is substituted
into Eq. (16), and we arrive at the expression for the measured
coefficient C;. Note that, since the solution ¥ (L, ) depends
on the noise, coefficient C, depends on noise function 71(z, #)

ékN)> we should

average the product Cy, ... Cy,, over the noise realizations using

Egs. (12)_and (13). As it should be, the results for correlators

(Ck] ... é/eN) are the same for both approaches. The results for
the correlators are presented in Subsection 4 of Supplement 1.
Using the obtained correlators, we build the conditional PDF

PHCH{CH:

as well. To calculate any correlator (Cj, ...

s T At =
PUCHCN=Acewp { =57 2. [sC0 ¥ 458,
kok'=—M

T 8CyGHHFSC, + 56,,11’?’*@] ,
(22)

Sk 4 FER HE b = HRE = R
H2 , and G¥*= HFF = G]e ki Gé/’k are dimensionless
coefficients with &, # = —M, ..., M. Indices 1 and 2 indicate

terms proportional to y and )/2, respectively. Quantity 8§Cy is
defined as follows:

/
where FFk— prE —

8Cy = Cr — (Cy). (23)

Here the correlator (C}) is a known function of {C}; see Eq.
(S33). Note that quantity (C4) contains the bandwidth of
noise W.

The dimensionless coefficients can be presented through pair
correlators as

/ = / /
F/e,/ezF/e,le =5k’,k+F2/€7k’

— (8C8Ci)ly=o,

e 2QL dy?
(24)
where
. T 9
HF = = (8C48C) o,
Y2QL oy

o 92

Ht = —y? = ——(5Ci8C,)ly—.  (25)

Y 4QL 9y?
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All needed correlators (Cy), (8Cp8C,,), (8Cw8Cy) are pre-
sented explicitly in Supplement 1, Egs. (S33), (S34), and (D35).

The normalization factor A, reads up to y% order as

T 2M+1 M M o
A[.:<n5L> [1+(Z Ft—2 Y Gt Hf'k)].

p—vi bk =M

(26)
At first sight, the found PDF (22) has a Gaussian form, and it
might be suggested that we have reduced the channel to the
linear one. But it is not the case, since the dimensionless coeffi-
cients depend nonlinearly on the input signal coefficients {C}.
The Gaussian structure is the consequence of the consideration
of the problem in the leading order in parameter Q.

Now we turn to the consideration of channel entropies H[ C]
and H[{C}|{C}], which are necessary for mutual information
calculation.

4. MUTUAL INFORMATION

The conditional entropy reads

H[{CH{CH =— / dCdC Px[{CHPI{CI{CH]

x log P[{C}|{C}1, (27)

where

M M
dC= [] dReCidimC,, dC= [] dReCidimC;.
b=—M b=—M
(28)
To calculate the conditional entropy A [{CH{C}], we sub-
stitute the conditional PDF (22) into expression (27), then

perform the integration over { C} and obtain

H{C}{C}] = —/dCPX[{C}] (log A, — QM +1)).

(29)
To perform the integration in Eq. (29), we expand log A, up to
y? terms then integrate over { C'} and arrive at

HI{CI{C =M+ 1) log (me QL Ty)

LR f dCPLICNC, CL GG,

(30)

To obtain Eq. (30), we have used the normalization condition

/ dCPyl{Ch =1. (31)

In Eq. (30) and below, unless otherwise stated, we imply that
there is summation over the repeated indices. The explicit
expression for coefficients /""" is cumbersome, and
therefore we presentitin Supplement 1, Eq. (543).

Now we proceed to calculation of the output signal entropy:

HI(C)] = — / dCPul{C) log Pucl (T, (32)
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where the output signal distribution reads

Pol(CH] = / dCPUCHICNPAIC).  (33)

To calculate the PDF of the output signal, we change the integra-
tion variablesin Eq. (33) from C} to 8C=Cp — (Cp).

Since in our model the average noise power is much less
than the average input signal power (QL/Ty <K P), we cal-
culate the integral (33) using the Laplace method [28,29] and
obtain the following result in the leading order in parameter

1/SNR = QL/(TyP):

a(C, C)

P l{C}~ ‘W

‘ PAFY. (34)

where &.150) is the known function of C; [see Eq. (S8) in
Supplement 1]:

CUUCN = G+ iy LGy Cy Cryay ™

- yzLZle sz Cm3 Cm4 C_vmsd;nlymz’m%m%mivk,
(35)

and F[{C}]is the solution of the equation
Ce=C U, (36)

Solution F of this equation can be found using perturbation
theory in parameter . One can see that the distribution of
the output signal coincides with the input signal distribution

3(C.0)
3(CO) C0))
us to calculate the output signal entropy in the leading order
in parameter Q, or 1/SNR= QL/(7yP) in dimensionless
quantities.

Substituting the result (34) into the expression for the output

Px[{F}] up to the Jacobian determinant | |. It allows

signal entropy (32), we perform the integration over C and
arriveat
A(CO, CO)

HICY = HI(CY + / 4CPAIC Iog |0

(37)
where H[{C}]is the input signal entropy:

HI{CY] = — / dCPI{CIlog PAI{CY.  (38)

Therefore, to find the output entropy, we should calculate
the logarithm of the Jacobian determinant in Eq. (37). The
straightforward calculation in the first non-vanishing order in
parameter ) leads to the following result:

3(6(0)’ 6(0))

—— | =y’L*C,,C,C,,C, ]2, (39
B(C, C) )/ 1 2 3 4] ( )

where dimensionless coefficients /1234 are given by Eq.
(816).

To calculate the mutual information, we subtract the
conditional entropy (30) from the output signal entropy
(37):
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In, = HI{C}] — H{C}{C)]

=—QM+1)loglreQL/ T3] — /dCPX[{C}] log Px[{C}]

wprpes [aenaiene, 6.,
(40)
where coefficients
;1,52?3‘3»54 :]:1,:2;:3,54 +];‘\1»-'2§53sf4. (41)

g . S1,82353,8
These two contributions to coefficients /;'~***”* are presented

explicitly in Egs. (S16) and (§42). The method of the numerical
calculation of these coefficients is presented in Supplement 1.
The first two terms in the mutual information (40) coincide
with that for linear channel (y = 0). The third term describes
the contribution of the Kerr nonlinearity effects. One can see
that the first nonlinear correction to the mutual information is
of the order of y2. Since coefficients ];1’52”3’54 depend on the
envelope function s (#), the mutual information also depends
on this envelope function. It is worth noting that mutual infor-
mation depends on the bandwidth of the input signal W via

coefficients /;"****** and does not depend on detector band-
width WJ. The reason for this is that bandwidth W of the
receiver is greater than or equal to the bandwidth of the input
signal W: W; > W. Therefore, all integrals over frequency in the
interval [— W, /2, W,/2] with envelope s ® () are reduced to
integrals over the frequency interval [— W/2, W/2] determined
by function s (w).

5. OPTIMAL INPUT SIGNAL DISTRIBUTION

Now we can calculate the optimal input signal distribution
Py [{C}] that maximizes mutual information (40). The
optimal distribution Py [{C}] obeys the normalization
condition,

f dCPl{Ch=1, (42)

and the condition of the fixed average power,

M
1 2
/ Gl 3 GP=r )

To find Py [{C}], we solve the variational problem
8K[ Px] = 0 for the functional

KLPx1= In, — ( / DCPyI(C)] — 1)

1 M
o </ PCPC Ty X 'C’e'z_P>’
k=—M
(44)

where A1 ; are the Lagrange multipliers, related with restrictions
(42) and (43). The solution of the variational problem in the
first and second orders in parameter y and in the leading order
in parameter 1/SNR has the form
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Pl {CY = PO{CH {1 +y?L NG, CL GG

+LPYU )

2 M
= 2
x (1_ PQM+1) k;Mm' )}

where PO[{C}] is the optimal input signal distribution for the
channel with zero nonlinearity parameter y:

1 2M+1 1 M
P(O)[{C}]=<ﬁ) exp [_F Z IC/e|2]. (46)

k=—M

(45)

One can see that P [{C}] is the Gaussian distribution, whereas
distribution (45) is not Gaussian due to the nonlinear correc-
tions. Thus, Py [{C}] leads to nonzero correlations between
coefficients C with different 4.

Note that the found distribution Py, [{C}] is not the exact
optimal input signal distribution for the channel described by
the NLSE, since Py [{C}] is calculated for the given envelope
5(#) and only up to y? terms. Nevertheless, Py [{C}] takes
into account the first nonzero nonlinear corrections that lead to
nontrivial correlations of input coefficients Cj.

To find the maximal value of mutual information (40), we
substitute Po,[{C}] (45) into expression (40), perform the
integration over C, and obtain

Ipyy = 2M +1) (IOg [2—72] + (VLP)2]2> . @7

where

j[r,s;r,y + ]]r,:;:,r

2M+1 (48)

Jx
One can see that the mutual information is proportional to
the number of the coefficients Cp, i.e., 2M + 1. The first term
in the second brackets in Eq. (47) coincides with Shannon’s
result for the linear channel at large SNR. The second term is the
first nonzero nonlinear correction. Below, we will demonstrate
numerically that quantity /5 depends weakly on 2M + 1.

We emphasize that calculation of mutual information (40)
using Gaussian distribution (46) leads to the result /), which
coincides with the result (47). It means that in this order in
parameter ¥, both distributions give the same result for the
mutual information. Thus, one might think that it does not
matter what distribution, the optimal, see Eq. (45), or the
Gaussian, see Eq. (40), is used for the calculation of mutual
information. However, the optimal input signal distribution
(45) leads to mutual information 7, Pop> which is greater than
Ip) in the higher orders in nonlinearity parameter y. To
demonstrate that we have calculated the difference between
Ip,, and Ip) in the leading nonzero order in the nonlinearity
parameter ¥, we obtain

(yLP)* 4
(A% po — (A) — STl

Ip

opt

(Apo),
(49)

— Ipo =
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where

$1:52353:54
i

G, C, G, C

P2 515 53 sy

A= (50)

and here we introduce the averaging over the zero-order

distribution [see Eq. (46)]:

() por = / dCPOYCHL...). (51)

Performing the averaging in Eq. (49), we arrive at the following
result:

IPQP[ . 1])(0) :Z(VLP)4(4]~}z,b;b,di[d,k;a,/e +]~;z,/7;c,d]~]c,a';a,b

4 Fa,bib,a 7c,dd,c
/)
(52)
where
j;,b;f,dz (_I[a.b;c,d+][b,a;c,d+jla,b;d,c_I_][b,a;d,:) /4.
(53)

We have checked numerically that the right-hand side of
Eq. (52) is positive for all values of the parameter 8 which are
considered in the present paper.

Below, we present results for the mutual information for dif-
ferentenvelopes s (¢) and for different values of dispersion.

A. Zero Dispersion Case

Direct calculation of mutual information (47) in the case of zero
dispersion and non-overlapping envelopes s (¢), obeying condi-
tion (6) [see, for instance, envelope (8)], gives the result

Ip,y, PT; 22Ny — 21 N?
T ‘ =log [_0]_(pr>2#,
2M+1]4, QL 3
(54)
where MV, is the integral
1 o0
M:-/ des* (2). (55)
Ty J-

We note that 22Ng — 21N} > 0 due to Cauchy-Schwarz—
Bunyakovsky inequality. For the case of a rectangular pulse
s(#) =6(1y/2 — |¢]) (which corresponds to the case of the
per-sample model; see [15]), Eq. (54) passes to

Ipyp ’ o |:P_76:|_(yLP)2
2M+1 |, QL 3

This result coincides with Eq. (53) in Ref. [15].
The difference (49) for the case of 8 = 0 and non-overlapping
envelopes s (¢) [see Eq. (8)] has the form

(56)

(22N — 21N2)°
I = Ip0 |y = @M+ D(y LP) ——————.
(57)
One can see that the difference is positive and in agreement with
the general results of Ref. [15], which is valid for arbitrary non-
linearity.
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For the case of the envelope of the sinc form,
s (t) =sinc (Wt/2) (58)

we obtain the following result for the maximum value of mutual
information (47) (see details in Supplement 1, Subsection 3):

Ipyp PT (yLP)* [ 22 [T
B o Bt _
QM+1) Og[QL]+ DM+ 1 { 3 /_oo dr$°( )

+oo +00
+f dn/ d5,38% (11, 1)

+ 45411, 1) S (11, 1) S* (1, Tz))} :

(59)
where
M
S (1, 1) = ) sinc(r(t +7))sinc(w(1y + 7)),
r=—M
M
S r.t)= Y sinc(w(t +7)). (60)
r=—M
The numerical result for quantity (59) has the form
lpopt P’]—(} 2
—————— =log| — | — 1.26(y L P)", 61
QM+ 1) Og[QL} (yLP) (61)

where the coefficient at nonlinearity factor (y L P)? weakly
depends on parameter M.

B. Nonzero Dispersion Case

Here we present results for the nonzero dispersion parameter.
For this consideration, we choose the following parameters
of the channel: B =2 x 107%sec?/km, propagation length
is equal to L =800 km, with different values of input signal
bandwidth W. The dispersion effects can be described by

dimensionless parameter B :
B=BLW?)2. (62)

Below, we present numerical results for the mutual information
for various values of B. Figure 1 presents the dependence of
quantity Jx [see Eq. (48)] on different values of parameter ,5
for M = 5; see Eq. (47). We checked that quantity /5 weakly
depends on M for M > 5. The points in Fig. 1 were obtained
by two different numerical approaches see Supplement 1. Both
approaches lead to the same results, and it is the guarantee of
correctness of the numerical calculations.

One can see that /5 has the minimum at 8 = 0. It means that
nonlinear correction to the mutual information [see Eq. (47)]
has the maximum absolute value at = 0. At small S, quan-
tity /x demonstrates quadratic dependence on the dispersion

parameter; see the inset in Fig. 1. Atlarge 8, quantity /5 goes to
. . . log B
zero. Our estimations result in the dependence /5 ~ %ﬂ for

large B; see Ref. [30]. Therefore, nonlinear correction decreases
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Fig.1. Dependence of /5 on dispersion parameter,g for M=5.1In
the inset, we plot /5, for the region of small B.

with increasing B, as (y L P)*/B. It means that the effective

nonlinear parameter at large Bisnoty LP,butyL P/\/E

6. CONSTRUCTION OF THE INPUT SIGNALS

To increase the mutual information, we should be able to create
signals that obey the optimal input signal distribution (45). To
create the input sequence that has statistics determined by the
PDF Py, [{C}], we represent this PDF in the form [31]

Popt[{C}] = Popt[Cil]Popt[Ciz|C11]P0p[[Ci3 |C12’ Cil]

X ... X Popt[Ci CiZM’ Cizv C,‘l], (63)

2M+1 |

Popel Ci 1= / AC,, ...d

where

Ci2M+1 Popt[{c}]s (64)

dC, ...dC; P [{C
Popt[C12|Cil] = f > s r [{ }] ) (65)
Popt[Cz'l]
dC;, ...dCy,, ., Ponl{C
PG Gy = L 25 Ao Lol g
Pop([Cil] X Popr[Ci2|Ci1]
POpt[Ci2M|Ci2M_17 e Ciza C!]]
_ [ ACs Popl(C)] e
Popt[Cil] X ... X Popt[CiZM,l |C1'2M,27 IR Cil]
Popt[Ci2M+1 |Ci2M7 . 127 ]
Py [{C
= pl{C1] . (68)

Popt[Cil] X ... X Popt[Cl Cil]

2M| DM-1> ">

Using Egs. (64)—(68), we can build sequences that have the
necessary statistics in the following way. First, we choose the
first element C; of the sequence distributed with PDF (64).
The statistics of the second element C, depends on the value
of Cy, and should be distributed with PDF (65), etc. In our
approximation (y? order of the calculation), the optimal PDF
Py [{C}] contains the fourth order polynomial in coefficients
Cp. So we have two nontrivial correlators, (C;C,,) Pope and

(CC, C,Cy) Pope> Which determine all higher order correlators.
For avery long sequence, the correlation between the first and
last coefficients should be neglectable. To find the characteristic
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length |# — m| of the correlation between elements Cy and C,,
of the input sequence, we calculate correlator (C; C,,) Pope- After
straightforward calculation, we obtain

(CeCon) by = PSin(1 = (y LP)?

2M+1

X Z (]r:r: _l_]}'::,r))_l_P(yLP)Z

rs=—M

M
x Z [];,m;r,k +]Ir,m;k,r +]]m,r;r,k +][m,”§k=7].
r=—M
(69)

The first term on the right-hand side of this equation contains
the Kronecker delta symbol, i.e., itis zero for £ # m. The second
term describes the correlation between different elements of
the input sequence. To find the correlation length, we should
investigate the dependence of this term on parameter m — k.
The correlation length depends on parameter B. For a small 8,
only the nearest neighbors are correlated since the spreading
of the input signal due to dispersion is small. When increasing
dispersion parameter B, the correlatlon length is increasing.
The numerical values of coefficients /"’ TR e presented in Ref.
[32]. So one can calculate any necessary correlators.

As an example, we consider the sequence where only the
nearest elements are correlated. To build the sequence,
we should know only two distributions: Py, [C;] and
Popl Ci|Cjl = Popel Ciy Cj1/ Popcl Cj1. We have performed

the calculation of these distributions and obtain
Pl €= POIC,1 (14 (L2 D (1G,1/¥/P))
(70)
2
where P© [C,]= # exp{— \_C[q)l_} is the Gaussian distribution,

and Diq) (x) is the following polynomial function:

]VSVS_‘F]?‘XXF
D§”<x>=[<1— ( y L
rs=—M

M

Z rqrq+]rqqr+]qrrq+]qrqr]>

+ 7T — dx 4 2)} :

(71)
Popt[Ci’ C]] = Popt[ , Gil= / dCz3 12M+1 opt [{C}]
= Popt[Ci]Popt[Cj]

1 PL) DI —]
{“V) ( 7P

a\m

(72)
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0 and different values of dispersion parameter B. The dotted, dashed,

and long-dashed lines are plotted for dispersion parameter f equal to
B=1,B=>5,and B = 10, correspondingly.
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dotted, dashed, and long-dashed lines are plotted for dispersion
parameter B equal to B=1,=5,and B =10, correspondingly.
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One can see that the corrections to these PDFs are the fourth
order polynomials in parameter C,/ VP. Let us consider
these polynomials. In Fig. 2, we plot function Diq) (x) [see
Eq. (71)] for different values of B. Function ng) (x) for dif-
ferent f8 has the maximum in the vicinity of value x ~ 1.5. For
x > 1.5, this function decreases for all values of B . For smaller
B, the absolute value of function qu)(x) is larger for x > 2.
It means the applicability region determined by the relation
(yLP)*D\”(|C,|/ P) < 1 is wider for larger §. The reason is
the decreasing character of coefficients / ;] 1 for increasing f;
see, e.g., Fig. 2.

To demonstrate the behavior of function Pop[C, ], we plot it
for the different dispersion parameters B; see Fig. 3. In Fig. 3, we
choose nonlinear parameter (y L P)* = 0.2, which corresponds
to the averaged signal power P ~ 4.5 x 10~4W for the realistic
channel parameters y =1.25W 'km™!, L =800km. One
can see that the function Py, [ Cy] decreases slowly for smaller ,(; .
It means that nonlinear correction decreases with increasing B.
The difference | PO [Cy] — Popc[ Col| gets smaller with increas-
ing B. The reason is that for the larger dispersion parameter,
the signal spreading is larger. It results in the decreasing of the
effecziye nonlinearity parameter, i.e., decreasing coefficients
ijik,

R
The expression in the big curly brackets in Eq. (72) is sym-

metric in coefficients C; and C;. Since we know function
Popc[C;, Ci], probability Pop[C;|C;] can be easily obtained
using Eq. (65):

(73)

Popc[ Cil Cj1 = Popl Ci] {1 +(yPL?*DY (i &)} :
VP VP 74

In Fig. 4, we plot function Py [Cy|C_1] for different values
of coefficient C_;/ VP (real and imaginary), nonlinearity
parameter (y L P)? = 0.2, and dispersion parameters 8 equal
to one and five. We plot the dependence of Py, [Co|C_1] on
dimensionless variable Cy/+/P, where P is chosen to be equal
to unity. One can see that function P, [Co|C_;] difters from
Popc[Col and depends on value C_; essentially. Also, the PDFs
deviate more from Gaussian distribution for larger absolute
values of C_;. One can see in Figs. 4(a) and 4(c) that the PDF
reaches the negative value at the vicinity of | Cy| ~ 2. The reason
is the large chosen nonlinearity parameter (y L P)* = 0.2. The
negative value of the PDF makes no sense, but it demonstrates
the region of applicability of our approximation. For smaller
parameters y L P or for larger parameter f, our perturbative
result (72) is valid wherever function Pop[C;, C;] is not small.
For large values of f, it is necessary to consider not only PDF
Pop[Cj, Ci], but other PDFs presented in Egs. (64)-(68),
since the spreading effects become significant. If necessary,
PDFs Popc[CilCjy, Cjhls ..oy PopelCilCjy, Cjys ..oy Cjypyl can
be derived from Eq. (45) analogously to Eq. (74). We do not
present these PDFs here because of their cumbersomeness. Files
with coefficients / ;] “*4 for different M and B thatare needed to
calculate these PDFs can be found in Ref. [32].
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Fig. 4. PDF P,,[Cy|C_;] as a function of real Cy for different
valuesof C_; /+/P and B. (a), (b) Cases of B = 1 for real and imaginary
values of C_1/+/P, respectively. (c), (d) Cases of B =5 for real and
imaginary values of C_; // P, respectively.

7. CONCLUSION

In the present paper, we develop a method of calculation of the
conditional PDF P[{C}|{C}] for the channel described by the
NLSE with additive noise and nonzero second dispersion coeffi-
cient B. To illustrate our method, we calculate PDF P[{C}|{C}]
in the leading and next-to-leading order in the Kerr nonlinearity
parameter ¥ and in the leading order in parameter 1/SNR.
To obtain P[{C}|{C}], we calculated P[Y(w)|X(w)] using
two different approaches. The first approach is based on direct
calculation of the path-integral; see Eq. (18). In the second
approach, we calculate the output signal correlators for the fixed
input signal X (¢) and then construct the conditional PDF. Both
approaches give the same result; see Eq. (522). To take into
account the envelope of the input signal and the detection pro-
cedure of the receiver, we integrate PDF P[Y ()| X (w)] over
the redundant degrees of freedom and obtain the conditional
PDF P[{C}|{C}]. Using PDF P[{C}|{C}] we calculate the
mutual information, solve the variational problem, and find the
optimal input signal distribution Py, [{C}] in the leading order
in parameter 1/SNR and in the second order in the parameter
of Kerr nonlinearity y. We demonstrate that Py [{C}] differs
from Gaussian distribution. Using the distribution Py [{C}],
we calculated the maximal value of mutual information in the
leading order in parameter 1/SNR and in the second order in
parameter y for the given pulse envelope, average power, and
detection procedure. We demonstrate that the y?-correction to
the mutual information is negative. Its absolute value is maximal
for zero dispersion, and it decreases for increasing dispersion
parameter f; see Fig. 1. We also prove that the mutual informa-
tion calculated using Gaussian distribution and that calculated
with the optimal one coincide in the y? order. The differ-
ence appears only in the y* order. It means that the Gaussian
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distribution of the input signal is a good approximation of
the optimal distribution for a small nonlinearity parameter.
However, for a not extremely small nonlinearity parameter, it
is necessary to take into account the exact PDF Py [{C}]. So,
we are able to construct the sequences { C'} obeying the statistics
Py [{C}]. In Section 6, we propose the method of this construc-
tion using conditional PDFs (64)—(68). For channels with the
small correlation lengths, we calculated explicitly P,p[C;] and
Popc[Ci]C;], and demonstrate the dependence of the probabil-
ity of the subsequent coefficient C; on the previous one Cj; see

Fig. 4.
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