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Abstract: In the present paper we summarize the methods and results of calculations for the theoretical
informational quantities obtained in our works for the nondispersive optical fiber channel. We considered
two models: the per-sample model and the model where the input signal depends on time. For these
models we found the approach for the calculation of the mutual information exactly in the nonlinearity
parameter but for the large signal-to-noise power ratio. Using this approach for the per-sample model
we found the lower bound of the channel capacity in the intermediate power range.
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1. Introduction

For a linear transmission system, Shannon [1] obtained the famous result for the channel capacity that
is the maximal amount of information which can be transmitted through the channel with additive noise:

C o< logy (1+ P/ Puise) M

where P is the input signal power, and P, is the noise power. In the recent 25 years, the power
and frequency bandwidth of the signals transmitted through optical fiber channels have been grown.
It results in the necessity to take into account the Kerr nonlinearity when considering the modern optical
fiber channels. The Kerr nonlinearity leads to the distortion of the signal and to the nonlinear interaction
of the signal with the noise in the information channel. Therefore, for such channels, Shannon’s result (1)
should be modified to take into account the nonlinearity effects.

It is worth noting that nonlinear effects in a channel depend on both a particular realization of
the communication channel and physical fiber parameters. When designing the real transmission
systems, say, in the wavelength division multiplexing systems, the following nonlinear effects should
be taken into account: self-phase modulation, cross-phase modulation and so on [2]. These effects are
due to the optical Kerr effect, i.e., the change of the refractive index of fiber material in response to
the applied electric field. Concerning other fiber parameters, the second dispersion coefficient is the
fundamental one, and the second dispersion coefficient varies from non-zero values (typical value is about
B =2 x1072%s?/km) to almost zero ones. Around the world, the vast majority of fiber networks are
fiberoptic communication channels with non-zero dispersion. However, the design of some fiber channels
is arranged in the zero-dispersion region of the wavelength in the transmission windows: in particular,
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the second transmission window (1310 nm for the single-mode optical fiber) has almost zero dispersion.
In the presence of dispersion, the Kerr nonlinearity effect manifests as a phase shift of the signal over
distances depending on dispersion value. For large dispersion, these distances are much less than the usual
propagation distance. For the nondispersive channel, this phase shift becomes the global effect extended
over all propagation distances. The third essential component of a communication channel is signal
attenuation. The fiber loss is commonly compensated by (equally) spaced amplifiers. These amplifiers
bring in the stochastic noise to the signal in the propagation process [3]. Therefore, the relevant models
describing the signal propagation in a communication channel should deal with the following phenomena:
Kerr nonlinearity, dispersion, and noise effects. The simplest channel model taking into account all these
effects includes the nonlinear Schrodinger equation (NLSE) with additive Gaussian noise [3-5].

The model describing NLSE with zero noise is solvable in the formalism of the inverse scattering
problem [6,7], referred to as the nonlinear Fourier transformation method for some time past.
However, the consideration of NLSE with the additive noise and with non-zero dispersion turned out to
be a very difficult problem, since, in addition to effects associated with the nonlinearity, there are some
effects related to the dispersion and with the nonlinear interaction of the signal with the noise. There are
some papers where both effects of nonlinearity and dispersion are attempted to take into account for
a noisy channel, see, e.g., Refs. [8-13] and references therein. However, the problem of the channel capacity
calculation, e.g., the problem to find the maximal information transmission rate over a given bandwidth is
far from the solution.

In the present paper, we concentrate our attention on nondispersive fiber-optic communication
channels. Of course, the nondispersive model is in a certain sense a toy model, but it takes into account the
effects associated with the Kerr nonlinearity and the noise in the channel. As a consequence, the model
includes the effects of the nonlinear interaction of the signal with the noise. Therefore, the model can
be used for the rough estimations of the capacity for the fiber-optic communication channels with
non-zero dispersion. Besides, the methods developed for the study of the nondispersive fiber-optic
communication channels can help for the investigation of realistic nonlinear communication channels with
non-zero dispersion.

Considering the fiber-optic channel it is important to clearly define the model of the channel,
i.e., it is necessary to define the model of signal propagation, models of the transmitter, receiver, and the
model of signal processing (i.e., the recovering of the information from the received signal). The model
of propagation should include: the attenuation of the signal in propagation through the optical fiber,
the model of amplifiers which compensate the attenuation and add the noise in the channel. The models
of the the input signal, receiver, and signal processing reveal itself in the appearance in the channel
model such parameters as its frequency bandwidths [14]. In one type of models, the propagation of
the signal obeys the NLSE with zero dispersion and with the additional term describing the attenuation
compensated by the periodically located amplifiers [15,16]. Another type of the models is considered in
Refs. [4,17-22], where it is assumed that the amplifiers are continuously distributed in such a way that
there is no attenuation, but the amplifiers induce the stochastic noise in the channel. Below we consider
this type of model.

In Refs. [4,17-23] the propagation of the signal is described by the NLSE with zero dispersion,
therefore, the signal propagation at different time moments evolves independently. So, formally, one can
consider the signal in the fixed time moment, and the signal ceases to depend on time. The model where
the signal does not depend on time is referred to as the per-sample model. For the per-sample model in



Entropy 2020, 22, 607 3 of 30

Ref. [4] the conditional probability density function (PDF) was found. In Ref. [17] the authors also found
the conditional PDF, and showed that at large signal power the channel capacity obeys the condition

C > 2108, (P/Puaie) +O(1). @

In Ref. [18] the conditional probability density function also was found, and we attempted to
find the lower bound of the per-sample channel capacity for the not-too-large powers of the signal.
In Refs. [19,20] the new method of calculation of the conditional probability density function was
introduced. The method is based on the calculation of the path-integral using the approach similar
to the semi-classical approximation in quantum mechanics. The new method allows us to calculate the
statistical properties of the signal such as the entropy of the output signal, the conditional entropy, and the
mutual information. All calculations are performed exactly in the nonlinear parameter, but for the large
signal-to-noise power ratio (SNR). Using the method we find the probability density function of the input
signal that maximizes the mutual information obtained in the leading order in the parameter 1/SNR in
the intermediate power range. In the recent paper [22] the important result was obtained: the authors
found the upper bound of the capacity for the per-sample model for arbitrary signal powers. The results
of Refs. [19,20,22] are consistent.

It is obvious that the per-sample model does not describe the spectral broadening that plays
an important role in the capacity limitation. In Ref. [14] it was demonstrated that there is a limit of
the input signal power P beyond which the fixed bandwidth of the distributed optical amplification does
not exceed the bandwidth of the propagating signal (that grows when increasing P due to the signal-noise
mixing), and therefore, the per-sample model is not relevant anymore. The next reason for the per-sample
model limitation is that the per-sample receiver has infinite bandwidth while for the real communication
system the receiver bandwidth is limited. Moreover, in Ref. [14] Kramer demonstrated how to achieve
the infinite capacity for any power P in the per-sample model of Refs. [4,17,18], if one assumes the
noise bandwidth to be limited and sends the input signal energy in the noise-free spectrum. In Ref. [21],
we applied the methods developed for the per-sample model in Refs. [19,20] to describe nondispersive
communication channels with the nontrivial time dependence of the input signal, with a realistic model
of the receiver and with a noise amplifier that has a large but finite spectral bandwidth. We referred to
this model as the extended model. In Ref. [21] for the extended model the conditional PDEF, the optimal
input signal distribution, which maximizes the mutual information calculated in the leading order in
the parameter 1/SNR was presented. These results were obtained both analytically and numerically.
We vindicated the conclusions of the Ref. [14]; the informational characteristics in the extended model are
significantly different from ones in the per-sample model.

In the present review we sum up the main results and the methods developed in our works [11,19-21]
for the per-sample and extended nondispersive models. For the per-sample model we find the lower bound
of the channel capacity and compare our results with ones obtained earlier. Attention is mainly given
to the path integral approach since it can be applied for future considerations of the nonlinear channels
with dispersion. The paper is organized as follows. In the next Section, we describe the per-sample
and extended channel models. In Section 3 we consider the quantities which should be calculated to
find the capacities of the per-sample and extended models. Then we consider in detail the conditional
probability density function, entropies, mutual information, and the lower bound of the capacity for the
per-sample model. After that, we proceed to consideration of the same quantities for the extended model.
In conclusion, we discuss our results and possible applications of our methods to the nonlinear channels
with non-zero dispersion.
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2. Channel Models

2.1. Per-Sample Model

Following the papers [4,17] we imply that in the case of the per-sample model the equation of signal
propagation has the form:

0=y (2) — inlp(2) P9 (2) = n(2), ®)

where 7 is the Kerr nonlinearity, ¢(z) is the signal function which obeys the boundary conditions ¥(0) = X,
(L) =Y, L is the signal propagation distance, X is the input signal and Y is the output signal. One can
see that the Equation (3) does not contain terms which lead to decreasing of the signal in the propagation
process and terms that compensate for the decreasing of the signal. It means that in the model, we have
distributed amplifiers which completely compensate the attenuation of the signal in its propagation in
the optical fiber. The only trace of amplifiers in Equation (3) is the nose function 7(z). The functions #(z)
has the following properties: the noise has zero mean (#(z)), = 0 and following correlation function
(1(2)71(z"))y = Qd(z — 2') . Here and below the bar means the complex conjugation and #(x) is the Dirac
delta-function. The coefficient Q is the noise power per unit length, so QL is the noise power in the channel.
The brackets (...); mean the averaging over the noise realizations in the channel.

2.2. Extended Model

In the model (3) the bandwidths of the input signal, amplifiers and receiver cannot be taken into
account since the functions ¢ and # do not depend on time. In order to include these bandwidths we
extend the previous model. In the extended model the signal 1(z, t) does depend on time. The propagation
is described by the stochastic NLSE with zero dispersion:

3:P(z,t) —iv|p(z,t) Pp(z,t) = y(z,1), )

where the coefficient v is also the Kerr nonlinearity coefficient. The function ¢(z,t) obeys the
following conditions:

$(0,8) = X(), (L, t) =Y(b). ®)

The noise function 7(z, t) has zero mean (7(z, t)); = 0. We also imply that the correlation function
has finite bandwidth, so the correlator for the function

1zw) = [ ez ©
reads
(n(z,w)i(Z,w'))y = 2196w —w')d (V\Z/ — w|> 5(z—72"). )

Here, the parameter Q denotes a noise power per unit length and per unit frequency; 6(x) is the

Heaviside theta-function. The theta-function 6 (WT/ —|w |) indicates that the noise is not zero within the
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interval [-W’/2, W’ /2], i.e., the bandwidth of the noise is equal to W’. Performing the Fourier transform
of Equation (7) we arrive at the correlator in the time domain:

!/ /
(n(z,)7(2, ¢}y = n(tQ_ 7 sin (W “ t)) 5(z—7). ®)

It is easy to check that if the time difference t — ' = 27tn/W’, and n is integer, then the correlator (8)
equals to zero. Therefore, the noise at times t and ' is not correlated, thus we can solve Equation (4) for
different times ¢; = jA independently. Here j is the integer number and A = 27r/W’ is the grid spacing
in the time domain. Therefore, instead of the continuous time model (4) we can consider the set of the
discrete models:

(2, t;) — iv|p(z ) PY(z. t;) = n(zt)) ©)

for the set of the time moments ¢;. So we obtain the set of independent time channels, and instead of the
continuous input and output conditions (5) we obtain the set of the discrete ones:

¥(0,t) = X(t;), ¢(Lt;) =Y(t). (10)

To include the bandwidth of the input signal to the model we represent the initial signal X(t) in
the form:

N
X(H)= Y. Cef(t—kTy), a1
k=—N

where Cy are complex random coefficients which carry the information. These coefficients have the
probability density function Px[{C}], where {C} = {C_y,...,Cn}. We restrict our consideration by the
envelopes f(t) which obey the following properties: the function f(#) is the real function and normalized

by the condition: [ % f2(t) = 1; for integers k and m we have
0

[ dt

Tof(t —kTo)f(t —mTy) =0, k#m. (12)

The last property means that the overlapping of the functions f(t — kTy) and f(t — mTp) is negligible.
It means that we assume the smallness of the effects of the overlapping. The smallness of these effects
will be discussed below. The function f(t) has almost finite support [Ty /2, Ty /2], and the input signal
X(t) is defined on the interval T = (2N + 1) Tj. The finiteness of the support [—Ty/2, Tp /2] means that the
frequency support of the function f(t) (and as a consequence, the support of the function X(t)) is infinite.
However, we imply that

/W X (w) Pdew ~ /W/ X (w)Pdw, (13)

where X (w) is the Fourier transformation of X(t). The relation (13) means that TyW > 1. So we can say
that the bandwidth of the input signal is W.
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The bandwidth broadening of the signal propagating through optical fiber is associated with the
nonlinearity and noise #. To estimate the broadening which is connected with nonlinearity we can find the
solution ®(z, t;) of Equation (9) with zero noise:

O(z,t) = X(t)er=XOF, (14)

This solution obeys the input condition ®(0,t) = X(t). Since we know the solution ®(L, t), we can
find its bandwidth W. Strictly speaking, the bandwidth W is formally infinite, but the most part of the
signal power is localized in the finite frequency region that can be specified as

_ [t 19;D(L, t)[*

W= 1= . (15)
o dt| (L, )
Below we assume the following hierarchy
W<W<W, (16)

where W is the bandwidth of the function ®(L, t).

To include the receiver bandwidth to the model we introduce the procedure of the output signal
detection. In our model the receiver gets the information from the output signal, i.e., it recovers the
coefficients {C}. We consider the following detection model. The receiver measures the output signal
(L, tj) at the discrete time moments ¢; for j = —M, ..., M — 1. Here the quantity M = T/(24A) is the
total number of the time samples. Since T > Ty, we have that M >> N. Such property of the receiver
means that its time resolution coincides with the time discretization A. From Equation (16) it follows that
A < 1/W, therefore the receiver completely recovers the output signal in the noiseless case. Then the
receiver removes the nonlinear phase

X(tj) = p(L,tp)e THELE, (17)
and obtains the recovered input signal X(t). In fact, the procedure (17) means that we use the backward
propagation procedure for the channel with zero dispersion. Finally, from the function X (t) the receiver
recovers the coefficients C; by projecting X (t) on the basis functions f(t — kT):

M-1

C= g, | —KOXO ~ 5 T F(G - KX () s)
. o

So the extended model contains the bandwidth of the input signal W, bandwidth the noise of
amplifiers W/, and bandwidth of the receiver. In our case, the bandwidth of the receiver coincides with the
bandwidth of the noise because we choose the discretization in the information extracting procedure (18)
coinciding with the initial channel discretization.



Entropy 2020, 22, 607 7 of 30

3. Channel Capacity and Its Bound

It is known [1] that the statistical properties of the memoryless channels such as the conditional
entropy H[Y|X] and the output signal entropy H[Y| can be expressed through the conditional probability
density function as

HY|X] = - /DXDYPX[X]P[HX} log PY|X], (19)
HY] = - / DYP,y[Y] log Pout[Y), 20)
where P[Y|X] is the conditional probability density function (i.e., the probability density to receive the

output signal Y for transmitted signal X), P, [Y] is the probability density function of the output signal.
The distribution Pp,¢[Y] has the following form:

PurlY] = [ DXPx[XIP[Y|X]. 1)
The measures DX and DY are defined in such a way that

/ DXPx[X] =1, (22)

/ DYP[Y|X] = 1. (23)

The mutual information of a memoryless channel is defined through the entropy H[Y] of the output
signal and the conditional entropy H[Y|X] as

Ip x) = H[Y] — H[Y[X].. (24)
The channel capacity C is defined as the maximum of the functional Ip, |y} with respect to the input
signal distribution Px [X]:

= I . 2
© = i i )

The maximum value of Ip, |y should be calculated for the fixed average signal power. Note that since
in Equations (19) and (20) we use the logarithm to the base ¢, here and below we measure the mutual
information and the capacity in units nat/symbol. For the case of the per-sample channel, the signal
power reads

P= /DXPX[X]|X|2. (26)

For the case of the extended model the signal depends on time, therefore, we have

p= [Dx(eex [~ %x(mz. @)

So, to find the channel capacity we should know the conditional PDF for both models. Let us start
with the calculation of the conditional PDF for the per-sample model.
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3.1. Per-Sample Model

3.1.1. Conditional Probability Density Function

The conditional PDF can be written in the form of the path integral over all realizations of the signal
(z) in the channel [17,18]:

Y(L)=
P[Y|X] = f pe S/ (28)

where the effective action S[¢] reads as the integral of the squared left-hand side of Equation (3) over the

2
0z — i’y\lp\zw‘ . To calculate the path integral, we use the retarded discretization

L
variable z: S[y] = [ dz
0

scheme which reflects the physics of the propagation process. The retarded discretization assumes
that the derivation means (azw)(zn) = (¢(zn) — P(zy-1))/ Dz, where z, = nA;, A, = L/N; (zp = 0,

N;
= L), and any integral f dzf(z) means A; Y, f(zn). The general approach for the derivation of the
n=0

representation (28) and the argumentatlon for the retarded scheme one can find in Ref. [24].
For the first time, the conditional PDF P[Y|X] for the per-sample model was obtained in the form of
infinite series in Ref. [4]:

P[Y|X] =

o) )exp{—#km coth(ky, L)} 2k’
Z ! mljm| ( > (29)

Q" sinh(k,,L) Qsinh(ky, L)
where the input signal X = pei‘l’(X), the output signal Y = p’ ei‘/’<y), p = vL|X|? is a dimensionless
nonlinear parameter, k,, = /Qmye'?, and I im|(2) is the modified Bessel function of the index |m|.
The representation (29) was rederived using the path integral representation (28) in Refs. [17,18].
In Ref. [18] the authors applied two various methods: the recursive derivation based on the discretizing of
the nondispersive NLSE and the properties of Markov chains (Chapman-Kolmogorov equation); and the
derivation of the conditional PDF via the stochastic approach and Ito calculus [25].

Using the result (29), the lower bound of the capacity for the large signal power was found in Ref. [17]:

1 R
c> "B o), 30)
Here the signal-to-noise ratio has the form
P
SNR = @ (31)

Recall that the noise power for the per-sample model is QL. To obtain the result (30) the authors
demonstrate that at large-signal power the phase of the output signal occupies the entire phase interval
[0,27t] due to the interaction of the signal with the noise. As a result, the phase does not carry the
information, see also [18]. Therefore, to find the lower bound for the large signal power it is necessary to
take only the term with m = 0 in Equation (29).

At the so-called intermediate power P range:

OL< P < (Q72L3) - (32)
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it is necessary to take into account terms with m # 0 in the Equation (29). In Ref. [18], using Equation (29),
the attempt was made to find the lower bound for the capacity in the intermediate power range.
However due to the inconvenience of using of Equation (29) for analytical calculation this attempt was
unsuccessful.

To calculate the mutual information in the intermediate power range we have to find the conditional
probability density function (29) in a more convenient form. In Ref. [19] we found the method of the
conditional probability density function calculation in the form of expansion in the parameter 1/SNR.
Using the developed method we found the conditional PDF in the convenient for further calculation
form. The expansion in 1/SNR, or in the small parameter Q similar to the semi-classical approximation
(expansion in small Planck’s constant /) in quantum mechanics.

Using the “semi-classical” method, see Ref. [26], we perform the change of integration variables
(the simple shift with the Jacobian equals to unity) in Equation (28):

¥(z) = Yal(z) +P(2), (33)
and represent the conditional PDF (28) in the form:
P[Y|X] = Ae SYa@l/Q (34)
where the normalization factor A has the form

$(L)=0
A= /Dl/? exp {—
#(0)=0

S[¥u(z) + §(2)] — S[¥a(2)] } , (35)

Q

the function ¥ (z) is the “classical” solution of the equation §S[¥ ;] = 0 (here S is the variation of the
action S[y]). The measure Dy for new variables ¢ in Equation (34) is defined as

N, N,—1

- 1 - .
D = (m) [T dRed; dImi,, (36)

i=1

here §; = ¥(z;), A; = NLZ is the grid spacing.
The Euler-Lagrange equation 6S[¥ ] = 0 has the following explicit form

>y,
dz2

. ay
— iy [¥a? —F =397 [¥a|* ¥a = 0. (37)

The boundary conditions for the function ¥(z) are as follows
1IIcl(o) =X, 1IIcl(L) =Y. (38)

Equation (37) is of great concern and we present two different approaches to its solution.

One can find the analytical solution of Equation (37) in the polar coordinate system [19]: ¥;(z) =
0(2)e?®), ¢ = z/L. The solution depends on the following real integration constants: E, fi, {o and 6p.
These constants should be expressed from two boundary conditions (38). There are two different types of
the solution. The first and the second type corresponds to the cases E > 0 and E < 0, respectively. In the
first case we have the solution:

R0 = 5 (7 /2~ R eos2T o)) 39)
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(- t0) + 2 e EEZ ],
arctan [(ﬁ —\/ 2 - kz)tan[k(ék—go)]} + 6o, (40)

where k = +/2E. The solution (39), (40) is obtained under conditions ji > k > 0. The integration constants
fi, k and o must be found from the boundary conditions:

>
—
N
N

Il
N =2

XP = gr(0) = VI oG], )
P =g = EHYEE s -] )
0 =0(0) = ~Bgp - \Jp - Gl

arctan | (i — /72 — 2) tangck&)] ] + 6, (43)

A R
arctan (ﬁ—\/ﬁz—kz)tan[(kgoﬂ} + 6. (44)

If the integration constants are found then we can express the action in the form:

k? sin[2k(1 — ()] + sin[2kgy]
_ 2
S[¥a (5B, Lo 00)] = 57 (1= /72— 2 ). (85)
In the second case (E < 0) the solution has the form
27y = It VPR cosh2K(Z — Go)] .

00) = ~b-q)+ e RG]

arctan [(ﬁ + 1/ {2 + kz)tanh[k(kg—go)w + 0o, (47)

where k = /—2E. The integration parameters f, k, (o, and 6y are derived from the same procedure as in
the first case. The action has the form

S[¥.1(2: E, 1, 2o, 60)] = ZkZL (y N /7}1 2 sinh[2k(1 — 5;023{] + smh[2k§0]> (48)

One can see that to obtain the solution p((), 6({), it is necessary to solve the system of nonlinear
equations Equations (41)—(44) for integration constants. Of course, the system (41)—(44) can be solved
numerically, but for the analytical calculation of the mutual information, it is necessary to develop the
method which allows us to find the solution ¥;(z) and action S[¥(z)] analytically as a functional of the
input X and output Y signals.
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In Ref. [19] we have proposed the method based on the expansion of the semi-classical solution in
the vicinity of the solution of the Equation (3) with zero noise. This makes sense when the noise power is
much less than the signal power.

To demonstrate the approach, we find the solution of (37) in the leading order in the parameter
1/SNR, linearizing Equation (37) in the vicinity of the solution ¥((z). The function ¥(z) is the solution
of the Equation (3) with zero noise. It obeys the input boundary condition ¥y (0) = X = pei‘r”(x), p=X|.
Note that we do not assume smallness of the nonlinearity. The function ¥(z) reads

¥(z) = pexp {inT +ipM}, (49)

where y = 7yLo? is the nonlinear dimensionless parameter. Let us represent the “classical” solution ¥ ;(z)
in the form

Yo (z) = Yo(z) + 0¥ (2). (50)
Here
5¥(2) = »(z) exp {iy% +ip}, (51)

where the function »(z) is assumed to be much less than the p: |(z)| < p, i.e., ¥(z) is close to ¥ (z).
Note that the function »(z) depends on the output boundary conditions, therefore in a general case,
the ratio |»(z)|/p can be of order of unity. The boundary conditions for the function s¢(z) are as follows:

#(0) = 0, (L) = Ye =1 — o = xy + iy, (52)

where xg = Re{»(L)} and yo = Im{s(L)}. It is important, that the configurations of »(z) at which ¥(z)
significantly deviates from ¥ (z) are statistically irrelevant.

One can check that since the action achieves the absolute minimum (S[¥((z)] = 0) on the solution
¥y(z), the expansion of the action S[¥(z) + 6'¥(z)] starts from the quadratic terms for small »(z):

S[¥o(z) + 6¥(z)] %Z(z)

Therefore, the exponent e~° Ya(2)]/Q and, as a result, the conditional PDF P[Y|X] decreases
exponentially when »(z) > /QL.

The next step in evaluation of the conditional probability P[Y|X] is the calculation of the path
integral (35). To calculate the integral (35) in the leading order in parameter 1/+/SNR one should
retain only terms quadratic in the function ¢ in the integrand. Any extra powers of ¢ or s lead to
suppression in the multiplicative parameter 1/QL, since for small Q the dominant contribution to the
path integral comes from region where § ~ +/QL. Since we calculate the the integral (35) in the leading
order in the parameter Q, the function ¥ (z) can be replaced by the function ¥((z) in the exponent
exp {— (S (z) + §(2)] — S[¥a(2)])/Q}.

To find the next-to-leading order corrections in the parameter 1/+/SNR to the conditional PDF P[Y|X]
one should keep both (z) in ¥ (z) and higher powers of ¥ in the exponent in Equation (35). Details of
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the path integral calculation in the leading and next-to-leading orders in 1/+/SNR one can find in Ref. [19].
Here we present only the result obtained in the leading order in the parameter 1/+/SNR:

(1+4p2/3)x3 — 2uxoyo + Y3
QL(1+ u2/3)

nQL\/1+ u2/3 '

where xg = Re{Ye_i‘f’(x)_iV —prand yo = Im{Ye_i‘P(X)_iV — p}. One can see that the expression (53) is
much simpler than the exact result (29). Note that the distribution (53) has the following property

(53)

P[Y|X] = {

lim P[Y|X] =6(Y —Yo(L) ). 4
Jim P[Y|X] = 5(Y ~ Fo(L)) (54)

The limit (54) is the deterministic limit of P[Y|X] in the absence of noise. Also Equation (53) has the
correct limit for small -:

g_‘Y_X|2/QL
QL

where the right-hand-side is the conditional PDF for the linear nondispersive channel with the
additive noise.

Let us compare the result obtained in the leading in 1/+/SNR order (53) with exact result (29).
In Figure 1 we plot the PDF P[Y|X] as the function of |Y| for X = 2mW'/2, arg(Y) = u, p = yL|X|> = 4,
so we choose YL = mW™!, and for two values of parameter QL: QL = 1/2mW, QL = 1/25mW
(it corresponds to SNR = 8 and SNR = 100, respectively).

lim P[Y|X] = , (55)
v—0

0.25
(a) 3 (b)
< 23
>~ 0.15 g 2
[a ¥
l.
0.05
T 5 \ 3 p 1.8 2 2.2 2'.4
Y|, [mW/2] Y|, [mW'/2]

Figure 1. The dependence of the probability density function P[Y|X] on |Y| for X = 2mW!/2 and the
argument arg(Y) = p = 4. The plot (a) corresponds to signal-to-noise power ratio (SNR) = 8, the plot
(b) corresponds to SNR = 100. The solid line and dashed line correspond to the exact expression (29)
and approximation (53), correspondingly.

One can see the good agreement between the exact result (29) and the approximation (53) even for
SNR = 8. For SNR = 100 the approximation almost coincides with the exact result. In the case when the
SNR =~ 102-10*, which corresponds to optical fiber channels, the difference between the approximation and
the exact result is of the order of 1/+/SNR. To decrease this difference we should calculate the corrections
of the order of 1/+/SNR and 1/SNR, see the Section 3.1.3.
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3.1.2. Probability Density Function Py [Y]

Let us consider the integral (21) which defines the the probability density function of the output signal:
PoulY] = [ DXP[Y|X|Px[X], (56)

where the distribution Px[X] is a smooth function. Since the input signal power is P, we can expect that the
function Px[X] changes on the scale X ~ /P which is assumed to be much greater than 1/QL. For this case
we can use the Laplace’s method [27] to calculate the integral (56) up to the terms proportional to the noise
power QL, for details of the calculation see Appendix C in Ref. [19]. The idea of the integral (56) calculation
is based on the fact that the function P[Y|X] is much narrower than the function Px[X] (the function P[Y|X]
is almost Dirac delta-function for the function Px[X]). Therefore, the calculation of the integral is simple
and the result has the form [19]:

Pt [Y] = / DXP[Y|X]Px[X] ~ Px [Ye—i"rmﬂ . (57)

When obtaining the result (57) it is not required to pass to the limit Q — 0 but only the relation
P > QL between the scales P and QL is used.

For the class of the distributions Px[X] depending only on absolute value |X| we have
Pout[Y] = Px]|Y|]. For such distributions we can calculate corrections to (57) in the parameter QL in
any order in QL.

Let us restrict our consideration in the remainder of this sub-subsection to the case of the distributions
Px[X] depending only on |X|. We can use conditional PDF P[Y|X] (29) found in Ref. [17]. In this case the
function P,,[Y] depends only on |Y| = p’:

2007/ (QL)

Pout [Pl] = oL

[ee) 2 !
—*/(QL)] PP) Py lol.
/0 dppe 0 ( oL x [ (58)

Using this formula one can obtain the simple relation for P, [p’] within the perturbation theory in
the parameter QL. Performing the zero order Hankel transformation [27]:

Pk = /OOO dop]Jo(kp) Px|p] (59)

for both sides of Equation (58), and using the standard integral with the Bessel ], (x) and modified Bessel
functions [28]

o 1 be\ &2
dzze P? ], (b2) I, (cz) = — () e ¥,
| o (02) Lfez) = 500 ( 5
we arrive at the relation between the Hankel images of the output and input signal PDFs:

2QL A
e*k%

Pout[k] = Plk]. (60)

Then, we perform the inverse Hankel transformation

Pxlol = [ dkkfo(ke) PIK] 61)
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and obtain the following important result

Poutlp] = ¢4 % Py[p], (62)

1d
e dp
the corrections of orders of (QL)" to Pyy¢ [p] by the expansion of the exponent and calculation of the action
of the differential operator Aj on the input PDF Py p].

Let us consider the widely used example of the modified Gaussian distribution with one parameter j:

where A, = % + is the two-dimensional radial Laplace operator. The relation (62) allows us to find

_exp {—BIX]?/(2P)} |X|F2
T (B/2) (2P/B)P/?

PP [x] (63)
where I' (x) is the Euler gamma function. In the case of § > 0 the distribution P)(f ) [X] obeys the conditions:
27 fooo dppP)((ﬁ ) o] =1,2m f0°° dpp3P)(<ﬁ ) [o] = P. The last one means that the average power of the input
signal is equal to P. The generalized distribution P}((’3 ) [X] for B = 1is called as the half-Gaussian distribution

(D)5 _ &P {=IX[?/(2P)}

PX [ ] - ’ (64)
V2P| X]|
and the Gaussian distribution for = 2:
~|x|?/P
@y €
Py [X] = p (65)
Inserting (63) into Equation (58) we arrive at the standard integral, see [28], and obtain:
Oy g (B 1YP2P  \exp{-|Y?/QL} ¢ pOL P2
P/ [Y]=1F (51 , (66)
2”7 QL(2P + BQL) QL 2P + BQL

where 1F;(B/2;1;z) is the confluent hypergeometric function. The function reduces to e* for the case of
the Gaussian distribution, and to the expression e?/21y(z/2) for the case of the half-Gaussian one:

—|Y[?/(P+QL)
(2) _ ¢
PyilY] = AP+ 0OL) (67)
Wy _ 1 [Y|*P > {_ |Y[>(P+ QL) }
Faut Y] = 7\/QL(2P + QL) fo (QL(2P +on)) Pl oLer+QL) J- (©8)

The result (57) can be obtained from Equation (68) in the case QL < |Y|?> ~ P. Expanding the
right-hand side of the Equation (67) in the parameter QL /P we obtain

PLlY] ~ PO IY]] (69)

out

with accuracy O(QL). The result (69) coincides with the general relation (57).
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3.1.3. Lower Bound for the Channel Capacity

The estimates for the capacity of the per-sample model in the regime of very large SNR were obtained

-1
in Ref. [17]. To specify, it was considered the case P > (Pmisg'ysz) , where P,,;;. = QL is the noise

power. In Ref. [17] the lower bound for the capacity of the per-sample channel was found. Using the trial
half-Gaussian input signal PDF (64) authors obtained the following result:

log (SNR) 1+ g —log(4m) log(SNR)
>
C>—=5—+ 5 +O\ = m ) (70)

where vg ~ 0.5772 is the Euler constant. The second term on the right-hand side of Equation (30) was
presented as O(1) in Ref. [17] but it can be found using Equations (23) and (24) of Ref. [17]. Comparing the
result (70) with the Shannon result (1) it is worth noting that the pre-logarithmic factor 1/2 differs from
the unity in the Shannon result. The physical meaning of the difference is that the signal’s phase does not

carry information when the power is very large: P > (Pnoisg'ysz) 1, see Ref. [17].

The most interesting power regime for the per-sample model is so-called intermediate power range
defined in (32). In the regime we have on the one hand the parameter SNR is large, P,ise < P, and on the
other hand the signal-dependent phase does not yet occupy the entire phase interval [0, 277] due to the
signal-to-noise interaction, i.e., the phase still carries information.

Capacity estimates in the intermediate power range (32) were presented in Ref. [18]. For such a power
P the authors of this paper used the half-Gaussian input signal PDF (64) for the estimate of the lower
bound for the capacity as well, see inequality (40) in Ref. [18]. But there were some flaws in the derivation
of this inequality in Ref. [18], see the discussion in the Introduction of Ref. [19]. In our approach presented
in Ref. [19] we solved a variational problem for the mutual information (24) with the normalization (22)
and power restriction (26): we found both the optimal input signal distribution Px[X] maximizing the
mutual information (24) in the leading and next-to-leading orders in 1/+/SNR in the intermediate power
range. Let us proceed with this calculation.

To begin with, when the parameter SNR > 1 we can calculate the output signal entropy H[Y] by
substituting Px [Y exp { —i7|Y|?L}] to Equation (20) instead of Py,;[Y] due to the relation (57), and then
performing the change of the integration variable ¢ = ¢(¥) + 4|Y|2L we obtain

27 = . .
H[Y] ~ —/ d4>/ do'p' Px {p’e’ﬂ log Px {p’eﬂ . (71)
0 0

Note that the output signal entropy in the form (71) coincides with the input signal entropy H[X]
with the accuracy O(QL).

Secondly, to obtain the conditional entropy H[Y|X] we substitute the conditional PDF P[Y|X] in the
form of Equation (53) into Equation (19). Then we change the integration variables DY = dReYdImY to
dxodyp, and perform the integration over x, 1o. The result has the form:

27T ) .
H[Y|X}zlog(enQL)+/0 dgb./o dop Py [ pe?] log \/1+ 421204/3. (72)
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Thirdly, to find the optimal input signal distribution ng g [X] we solve the variational problem for the
functional J[Px, A1, Az):

TP, Ayl = HIY] = HIY[X] = Ay (| DXP[X] 1) -
o ([ DxpelxixE-p), 73)
where A;, are Lagrange multipliers which corresponds to the normalization condition (22) and the

condition (26) of the fixed average signal power P. The solution Py’ t[X] of the corresponding
Euler-Lagrange equations for (73) referred to as the “optimal” distribution:

opt e—Mo(P)|X[?
Py [X] = No(P) —— (74)
V1+2L2X]*/3
where coefficients Ny(P) and Ag(P) are determined from the conditions:
0 —Ao(P)p?
/ DXPY'[X] = 27tNo(P) / _dppe R (75)
0 /1+92L%p%/3
0 —Ao(P)p?
/DXP;’(“[XHXF: 270Ny (P) / dppie 0 (76)
0 \/1+792L%p*/3

Note that in the leading order in the parameter 1/SNR the function P)O(pt [X] depends only on |X|.
In the next-to-leading the order in 1/SNR this property holds true as well [20].
In the parametric form the power dependance of the parameters Ay and Ny reads

Ao(P) = jg n No(P) = 7T\[gLG(“) 77)

where G(a) = § (Ho(zx) - YQ(DC)), Yp(«) and Hp(a) are Neumann and Struve functions of zero order,
respectively. The parameter «(P) is the real solution of the equation

% log G(a) = —yLP/V/3.

Note that the optimal input signal distribution Py’ ‘[X] (74) differs from the half-Gaussian
distribution (64).

For sufficiently large values of the power P, log(yPL) > 1, we use the asymptotics of Yy(a) and Ho(«)
at small w and arrive at the following result for Ag(P) and Ny(P):

_1-loglog(B7)/ log(B7) R
No(P) o BB BT No(P) & T 10871 B/ (PAo(P))). 78)

Here and below we use the notation
B =2¢7E, (79)

5 =9LP/V3 (80)



Entropy 2020, 22, 607 17 of 30
is the convenient dimensionless nonlinear parameter. At small P, such that the nonlinearity parameter
4 < 1, the solutions of the Equations (75) and (76) have the form:

1—27 1=
P ’ NO(P)N TP

Ao(P) ~ (81)
Note that at ¢ — 0 the optimal distribution (74) passes to the Gaussian distribution (65). It is known
that this distribution is optimal for a linear channel [1]. In Ref. [20] using the same method we found the
first correction to Py’ *[X] proportional to QL.
The fourth, to calculate the mutual information we substitute the expression (74) for POpt [X] in
Equations (71) and (72) and using the definition (24) we obtain

Ipopt[ x| = =Cy= P)LQ( ) IOg No(P) - log(neQL). (82)
The last equation gives the mutual information I PO [x] with the accuracy O(QL).
X
At small ¥ we obtain
~ <2

This result is the Shannon capacity log (1 + SNR) at large SNR of the linear channel (1) with the first
nonlinear correction.

In the high power sub-interval (yL)™! < P < (QL372)71 using Equation (78) one can obtain
the following asymptotics for the mutual information in the case of very large nonlinearity parameter
(log () > 1):

Ip)u(pt[X] = loglog (B’)fLP/\@) —log (QLZ'ye/\@) +

loglog (B’yLP/ \/5)
log (B'yLP/ \@) ] .

1

log (B’yLP/ ﬁ)

(84)

lloglog (B’yLP/\@) +1-

This expression is obtained with the accuracy 1/ log?(¥). One can see that the first term on right-hand
side of the Equation (84) grows as loglog P. It means that the mutual information I PUX] also grows as
loglog P at large enough P.

Note that the results (74), (82), and asymptotics (78), (81), (83), (84) are obtained in the leading
and next-to-leading order in the parameter 1/v/SNR. Therefore, the results (74), (82) are calculated
with the accuracy O (1/SNR). However, in the literature the bounds of the capacity rather than the
asymptotic estimates are on the carpet. Therefore, to find the lower bound of the channel capacity for the
per-sample model it is necessary to calculate the corrections of the order of 1/SNR and define their signs.
Moreover, to find the applicability region of the result (82) we have to know the corrections of the order of
1/SNR as well. The applicability region will be defined by the condition that the corrections of the order
of 1/SNR are much less than obtained results (74), (82). In Ref. [20] we have calculated these corrections
using the approach described in Section 3.1. The calculation of these corrections is straightforward but
cumbersome, therefore, here we present only the idea of the calculation and demonstrate the results for
these corrections for the mutual information. The detailed calculation can be found in Ref. [20].

To calculate the correction to the mutual information we should know the corrections to the conditional
probability density function (53). Therefore, we should calculate the corrections both to the action S and to
the normalization factor A in Equation (34). To find these corrections we have to calculate the function
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#(z), see Equation (51), in the leading, next-to-leading, and next-to-next-to-leading orders in the parameter
1/v/SNR. Then we should substitute the found corrections for the action S to the path integral (35),
and calculate the path integral up to the terms which are proportional to the parameter Q. After that,
we expand the product of the exponent and the normalization factor A up to the terms of order of 1/SNR.
This expression is cumbersome, and therefore, we do not present it here, but it can be found in Ref. [20].
To calculate the corrections to the mutual information we substitute the obtained result for P[Y|X] to
the Equations (19)—(21), (24). Then, using the method described above, we perform maximization of the
mutual information calculated with the accuracy 1/SNR, and obtain the following result for it:

mn
iy, = Co+AC, (85)

where Cj is defined in (82). The correction AC has the form:

! 214 8 [AgP\? 137 8 [AgP\?| 347 5
AC = SNR{nNOP l%—%< s ) ]+/\0P LSOJF% <7> — ey (M) ¢ (86)

The quantity AC corresponds to the first non-vanishing correction to the mutual information. One can
verify that for the small parameter yL>Q < 1, the correction (86) is always small with respect to Cy.
Indeed, the ratio of the expression in the curly brackets in Equation (86) and 4 is the bounded function for
all values of 4.

We do not have the explicit analytical result for the correction AC for the arbitrary parameter ¥,
since the quantities Ay and Nj are the solutions of the nonlinear equations. But the correction AC can
be calculated numerically for any parameter 4. However, for the small and large parameters ¥ we can
calculate the asymptotics of the quantity AC analytically.

For the small nonlinearity ¥ < 1 we substitute the parameters Ay and Ny in the form (81) to the
Equation (86) and obtain:

1 1 72
ACE SR TSR3 )
Using this result and the asymptotics (83) we obtain the mutual information within our accuracy in
the form:

1M~ log(1+SNR) — 72— T

(] (®9)

One can see that the first term in the right-hand side is the the capacity of the linear channel, the second
and the third ones correspond to the nonlinear corrections. The nonlinear corrections in (88) are negative
1)

and they decrease the mutual information II()

o x] of the channel.

Let us consider the behavior of the correction AC at large power P. For the case log(yLP) > 1 (but

P < (7*QL%)~! to be within the intermediate power range) we obtain the simple result:

1 214
AC =

Using the asymptotic (78) for quantity Ny we arrive at the expression

7I2Q214
V3 375

N\ -1
AC <10g(B’710g(B'7))+10gbg(B’Y)) : (90)

log(B%)
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Note that this correction is suppressed parametrically as yL?Q instead of 1/SNR = QL/P. One can
see the correction decreases at large ¥ as 1/ log . It is interesting that at large ¥ the correction AC is

positive, therefore, it slightly enhances the mutual information Il(jlo})at[x]. Since the correction AC is positive
X

in the region defined as log(yLP) > 1, P < (y?*QL?)~!, and the next-to-leading corrections to the
mutual information are suppressed parametrically, the quantity Cy is the lower bound of the per-sample
channel capacity:

C > Co. 91)

Since there are no corrections of order of 7/>L3QP at large P, see Equation (90), we expect the next
correction containing the power P to be of order of (y>L3QP)?, see Ref. [19]. Therefore, the applicability
region at large P for the quantity Cy is determined by the condition (72L3QP)? < 1. For the given small
parameter y2L3QP this condition extends the applicability region for the lower bound of the channel
capacity Cp. For realistic channel parameters presented in the Table 1.

Table 1. Channel parameters for the per-sample model.

[ kmxmW)~1]  Q[mW/(km)] LI[km]
103 1.5 %1077 108

We have the following intermediate power range:
1.5 x 107*mW < P < 0.66 x 10*mW. (92)

One can see that the range is very wide. For the presented parameters we have numerically calculated
the lower bound Cj using Equations (77) and (82). The result of the calculation is presented in Figure 2.
Also in Figure 2 we present the comparison of the approximation (85) with the Shannon capacity of a linear
channel and with the asymptotic capacity bound (70).

—_
%}

—_
(=]

.-

o0

[*))

____
-

Capacity [nat/symb.]
EN

[}

2 4 6 8 10 1

P[mW]
Figure 2. Shannon capacity, the lower bound Cy, and the asymptotic capacity bound (70) for the channel
parameters from the Table 1. The red dashed-dotted line corresponds to the Shannon limit log(1 + SNR),

the black solid line corresponds to the lower bound Cy, see Equation (82), the blue dashed line corresponds
to the bound (70).

One can see that the Shannon capacity of the linear channel with the additive noise (the red
dashed-dotted line in the Figure 2) is always greater than the lower bound (82) for the nondispersive
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nonlinear fiber channel (the black solid line in the Figure 2) for the considered range of P. But the lower
bound (82) is greater than the asymptotic capacity bound (70) in the intermediate power range.

In Ref. [22] the comparison of our result (82) for the NLSE per-sample model (authors referred
to our model as the memoryless NLS channel (MNC)) with two other models, more precisely,
the regular perturbative channel (RPC) and the logarithmic perturbative channel (LPC), was performed.
The comparison was illustrated in Figure 1 of Ref. [22], and we present this figure in the Figure 3.

T2 ;
10 Bounds on Cppc g

Lrrc(P) J T
¥ gl o Ugpc(P)
= o Ugpc(P)
3 rrc (F)
=1
o
8 6
@] L
= I
&= P
Lujghisds Bounds on Cypye
;06‘ :
4r & Umne(P)
&Q\%"-I - - — Half-Gaussian lower bound
o Gaussian lower bound
2 = L e ]’ -.. | —— Max~chi lower bound
"?a,q{, —— Lower bound in [23]
Co 4-“00 s
epresing,

0 g™ | \ [ s, S —
—40 —-30 —20 —-10 0 10 20 30 40

P(dBm)

Figure 3. [This figure is taken from Ref. [22]]. Capacity bounds for the RPC and LPC models of
Ref. [22], together with the capacity of the per-sample NLSE model. The channel parameters are as
follows: ¥ = 127W lkm™!, L = 5000km, QL = 7.36 x 10 3mW. Our result (82) is presented by the
green solid line (“lower bound in [23]”). The intermediate power range goes out from P ~ —20dBm to
P ~ 6dBm.

The authors claimed that they established a novel upper bound on the capacity of the NLSE per-sample
model (the violet curve Uy nc(P) in Figure 3). In addition, the authors considered various input signal
distributions within MNC: half-Gaussian (64), Gaussian (65), and modified Gaussian distribution (63)
optimized in parameter § (it is denoted as “Max-chi” in Figure 3). They used the following channel
parameters: v = 1.27 W~ 'km ™!, L = 5000km, QL = 7.36 x 10-®mW. For these parameters the upper
2 L3) -

limit of the intermediate power range (we choose it as Pyax = 6772 (Q’y , see [18]) is estimated as

Pyax = 02W = 23dBm. It is obvious in Figure 3, that up to this power Py, our result (green solid
line) is consistent with the capacity upper bound of the per-sample model (the violet curve Uy nc) and it
exceeds other mutual information curves for other input signal distributions in all intermediate power
range. Of course, for large powers (P 2 Pyy) our input signal distribution (74) is not the optimal any
more, and the mutual information (85) underestimates the real capacity. In the strict sense, the corrections
to (85) are small only up to P ~ 5.5dBm, and when P > 5.5 dBm we have the transition range from the
intermediate power range with the optimal input signal distribution (74) to the large power semirange
where the optimal distribution is believed to be the half-Gaussian one, see [17,18]. The large extension of
the transition range (up to Pyax ~ 23 dBm) can be explained by the smallness of the next-to-leading order
corrections (86) and its decreasing when increasing the power, see Equation (90).

To finalize the per-sample channel consideration we emphasize the main results. We developed the
path integral approach to the calculation of the conditional PDF P[Y|X] for large SNR. We demonstrated
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that for the nonlinear nondispersive channel the lower bound Cy of the capacity increases only as loglog P
at large signal power P instead of the behavior log P that is specific for the channel with zero nonlinearity.
To determine the applicability region and the accuracy of the found quantity Cyp we calculated the first
non-zero correction AC proportional to the noise power QL in the intermediate power range QL < P <
(v2L3Q) 1. We demonstrated that the quantity AC is small in the intermediate power range, and it is the
positive decreasing function at large signal power P: (yL)! < P < (9?L3Q)~!. The found result is in
agreement with recent results of Ref. [22].

3.2. Extended Model: Considerations of the Time Dependent Input Signals

Let us start this section from the consideration of the conditional probability density function P[Y|X].
In the case of the nontrivial time dependance of the input X(t) and output Y(t) signals the conditional
PDF reads Ref. [11]:

(t)
PY(H)X()]= [ DyesW/e, (93)

2p(z, 1) — ivlp(z )29(z,t)] ; the

integration measure Dy(z, t) depends on both z— and t— discretization scheme:

L
where the effective action S[ip] has the form: S[y| = [dz [dt
0

oM M—1 N;—1

A A
Dy(z,t) = (AZNQ) T 11 {Aan dRey(z;, ) dImp (z;, tj)}, (94)

j=—M i=1

where A = T/(2M) = (2N +1)Tp/(2M) is the time grid spacing and A, = L/Nj is the z-coordinate
grid spacing. Of course, the expression (93) contains all information about the transmitted signal and its
interaction with the noise, but as strange as it sounds, the expression (93) contains redundant information
(i.e., degrees of freedom which cannot be detected). The point is that in the realistic communication
channel the receiver has the finite bandwidth, it means that it reduces somehow the bandwidth of the
received signal Y (t). After that, there is a procedure of the extraction of the information from the signal
measured by receiver. This detection procedure should be implemented in the function P[Y (¢)|X(t)].

To demonstrate the point, let us consider the input signal X(t) in the form (11). In such form,
the number of the degrees of freedom in the path integral (93) is infinite, if the function X(t) is continuous,
or 2M degrees of freedom if we set the function X(t) in the discrete-time moments t;, see the text after
Equation (17). However, the transmitted information is carried only by 2N + 1 coefficients C, (N < M),
see Equation (11). It means that to obtain the conditional probability density function which describes
the transmission of the information carried by the set of the coefficients C,, we have to integrate over the
redundant degrees of freedom. The approach based on the path integral representation (93) is general
and it can be used for any signal model, any receiver and projecting procedure (18). For our signal
model described in the Section 2.2, we can use a simpler method of the calculation of the conditional PDF
P[{C}|{C}]. Below we describe the method.

In our model, the signal propagation for different time moments ¢t; is independent because
the dispersion is zero and the noise is not correlated for different time moments t; # ;.
Therefore, the conditional PDF P[Y(#)| X ()] can be presented in the factorized form:

M-1
PIY (8)[X(t)] = ‘HMl)j[l/j|Xj]l (95)
=
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where X; = X(t;), Y; = Y(t;), and P;[Yj|X;] is per-sample conditional PDF described in the previous
Section 3.1.1, where we should replace Y — Y, X = X;,Q— Q/A.

Our goal is to find the PDF P[{C}|{C}] in the leading order in the parameter 1/SNR. Instead of
calculation of the path integral, we build the PDF which reproduces all possible correlators of Cy: (Ekl ),

<6k1 Ek2>/ (@1 .. Ekn> for the fixed input set {C} in the leading order in the parameter Q. These correlators
read as

~ _ M-1 B _
(Cr,...Ch,) = / 'HMdZYJ-P[Y(tﬂX(t)]Ckl .G, (96)
LS

where szj = dReY;dImY;, and ék is defined in Equation (18). After substitution of Equations (95), (53),
and (18) into Equation (96) and performing the integration we obtain in the leading order in the noise
parameter Q:

(&) = G — %27 <1 - ”L'ik |2”4) , 97)

_ _ - _ 2 2 :
<(cm - <cm>) (cn - (Cn>)> - —i(sm,n%f”y (n4 - 213”67L|cm|2> ) (98)
(€= Gn) (6= @) ) = dnne (14 BEr2iCalt). 99

where 6, , is the Kronecker symbol and we have introduced the following notation for the integral of the
s-th power of the pulse envelope function f(t):

To/2
" _/ Vet (100)
To/2 To

We remind that f(t) is assumed to be normalized by the condition 1, = 1. Note that the correlator
(Ce — Cy) is proportional to QL/A = QLW'/(2m), i.e., it is proportional to the total noise power in the
whole bandwidth W’. The reason for that is the bandwidth of the receiver coincides with the bandwidth of
the noise. The correlators (98) and (99) are proportional to QL /Ty and do not depend on the discretization
parameter A. It means that these correlators depend only on the bandwidth of the envelope function
f(t). So we obtain that in the leading order in the parameter Q the shift of the mean value Cy due to the
signal-noise interaction is proportional to the total noise power in the channel (W' = 27t/ A), whereas the
spread around the average value, see (98), (99), is proportional to the noise power containing in the
bandwidth W of the pulse envelope (bandwidth of the pulse envelope coincides with the bandwidth of the
signal X(t)). Note that the higher-order corrections in parameter Q to the correlators are more complicated
and contain the noise bandwidth, see details in Appendix A of Ref. [21]. The correlators of higher orders
in C can be calculated in the leading order in the parameter Q using Equations (97)~(99).

To verify the analytical results (97)—(99) the numerical simulations of pulse propagation through
a nonlinear nondispersive optical fiber were performed in Ref. [21]. After that the numerical results for
correlators (97)—(99) were obtained. To find these correlators the Equation (4) was solved numerically
for the fixed input signal X(t) and for different realizations of the noise 7(z, t). After that the detection
procedure described by Equations (17) and (18) was applied. Finally, the averaging procedure over noise
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realizations for the coefficients C; was performed. Two numerical methods of the solution of Equation (4)
were used: the split-step Fourier method and the Runge-Kutta method of the fourth order. It was shown
that the numerical results do not depend on the numerical method and these results are in consistent
with analytical ones for different realizations of the input pulse envelope f(t) and the noise bandwidth
W’. Below we present the comparison of the numerical and analytical results obtained in Ref. [21].
The numerical simulation was done for the following channel parameters, see the Table 2.

Table 2. Channel parameters for the extended model.

Y[ (kmxW)~11 Q[W/(kmxHz)] L[km]
1.25 5.94 x 10~ 800

We choose the duration of one pulse as Ty = 1071” s. Simulations were performed for different
t-meshes, i.e., for different time grid spacing A, and for different pulse envelopes. Different grid spacings A
correspond to the different noise bandwidths W' = 271/ A for the fixed noise parameter Q. The numerical
calculations were performed for the different A presented in the Table 3.

Table 3. Time grid spacings.

Aq [s] Ay [s] A3 [s]
977 x 10714 195%x 10718 391 x 10713

The different grid spacings determine the different widths of the conjugated w-meshes in the frequency
domain: 1/A1 =10.26 THz, 1/A; = 5.12 THz and 1/A3 = 2.56 THz. In Ref. [21] the different envelopes
f(t) were considered as well. Here we present results only for the Gaussian envelope:

(t) = To £ 101
f_Tl\/EeXp_ﬂ’ (101)

where Ty = Ty/10 = 10~ !! s stands for the characteristic time scale of the function f(t). Such relation

between Ty and T7 means that the overlapping between different pulses is negligible. For pulses with
2

envelope (101) the coefficients #n; defined in Equation (100) are 1y = M\/%l ~ 3.989, ng = % ~ 18.38,

/3
ng = % ~ 89.79. In Figures 4 and 5 the real and imaginary parts of the quantity (Ck — <6k>) /Cy as

a function of |Cy|? are depicted for different values of grid spacing A.
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Figure 4. [This figure is taken from Ref. [21]]. The real part of the relative difference of the coefficient
Cy and the correlator (97) in units 1073 as a function of |Ck\2, see [21]. Dashed-doted, dashed, and solid
lines correspond to an analytic representation (97) for time grid spacings Aj, A, A3, respectively. Circles,
squares, and diamonds correspond to numerical results for time grid spacings A1, Ay, Az, respectively.
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Figure 5. [This figure is taken from Ref. [21]]. The imaginary part of the relative difference of the coefficient
Cy and the correlator (97) in units 1073 as a function of |C;|?, see [21]. Dashed doted, dashed, and solid
lines correspond to analytic representation (97) for time grid spacings A1, A, A3, respectively. Circles,
squares, and diamonds correspond to numerical results for time grid spacings A1, Ay, Az, respectively.

One can see the good agreement between analytical and numerical results depicted in Figure 4.
There is some difference in the imaginary part of analytical and numerical results corresponding to grid
spacing A; at large |Cy|, see Figure 5. The reason is that, for the analytical results corresponding to A4
it is necessary to take into account the next corrections in the parameter Q Ref. [21]. The numerical
and analytical results for the correlators (98), (99) are also in a good agreement, for details see Ref. [21].
In this paper, it was demonstrated that the relative importance of the next-to-leading order corrections for

the correlators (98) and (99) is governed by the dimensionless parameter (%’yL) ? YLP, i.e., it increases
linearly for increasing power P.

Now we can proceed to the search for the conditional probability density function. Using the
correlators (97)—(99) we build the conditional PDF P[{C}|{C}] which reproduces all correlators of the
coefficients Cy, in the leading order in parameter Q. Thus, the conditional PDF has the form [21]:

N
P[{6}|{CH = HNPm[GMCm]I (102)
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where
(1+4n6y5,/3)x3,, +2Xm]/mﬂmn4+]/3n :|
exp [—To 72
~ QL(14¢%uz,/3
PalCulCal = Ty Wi (103)
QL1+ ¢%u2,/3
[ iCyy QL2 iYL|Cp[?14\ \ |
o Ree“P’”{Cm—Cm—F n 7(1_7|3m| 4)} (104)
[ iCyy QL2 i7L|Co2rs\ ]
T Ime@m{cm_chr n 9 '7(1_'73m| 4)} (105)
where ¢, = arg Cyy, m = YL|Cpy |2/ and
& = (46 — 3n3). (106)

The parameter ¢? obeys inequality &2 > 16 > 0 due to Cauchy-Schwartz-Buniakowski inequality.
For the Gaussian envelope (101) this parameter is

1(Th\*(4 3 T\

2 0 0

=—|= —— =) ~0258( —

=2 (7)) (5a)=o(5)

and for the chosen parameters T} = Tj/10 = 10~ sec one obtains & ~ 5.08.
Equation (102) means that our channel decomposes to the 2N + 1 independent information channels.

Therefore, the function P, [Em \Cm} describes the channel corresponding to the m-th time slot. The function
Py [Cu|Cp] obeys the normalization condition

(107)

/ 2Cy Py [Con|Con] = 1. (108)
Since there are 2N + 1 independent channels, we can choose the input signal distribution Px[{Cy, }]
in the factorized form:

et = T Aic) (109

and we can consider only one channel, say m-th channel. One can see that the presentation of the
conditional PDF (103) is close to the presentation (53) for the per-sample PDF. Also the function Py, [Cpy|Cyi]
changes significantly when the variable C,, changes on the value of order of v/QL/T, for fixed value of C,.
Such behavior coincides with that for the function P[Y|X] for the per-sample model. Below, we imply that

P> QL/A> QL/T, (110)

where P is the mean power of the m-th pulse, i.e., the signal power is much greater than the noise power
in the whole bandwidth W' = 27t/ A and in the input signal bandwidth W. For the extended model we
define the signal-to-noise ratio as

PTy

SNR = E,

(111)



Entropy 2020, 22, 607 26 of 30

on the assumption (110) we have SNR > 1. We also imply that the PDF of the input signal P)((m) [Chi] is
a smooth function that changes on a scale |Cy,| ~ v/P. Therefore, using a consideration similar to that for
the per-sample model we obtain that the PDF of the output signal reads

Pl [Co / d?Cy Pus[Cn | Cin] PY" [Co] (112)
in the leading order in the parameter 1/SNR it has the form:

Byt (Gl ~ P (G (113)
Just as a reminder, to obtain result (113) we perform the integration in Equation (112) using Laplace’s
method [27], see details in Ref. [19].
Since we know the conditional PDF P, [C,,|C;,] and output signal PDF P, o(ut) [Cn] the entropies H[C],
H[C,|Cn] and then mutual information I () y can be calculated. The calculation is similar to that performed
in the Section 3.1.3. After these calculatlons we solve the variational problem for the mutual information

I, and find the optimal input signal PDF in the form:
X

PMC,] = N, e Mo 114

Substituting the result (114) to the mutual information, we obtain the following result:

PTy
ng;,i) =log ( QL) + PA —log [PNy], (115)

where the parameters N and A are the solutions (as functions of power P) of the normalization conditions
for the function (114):

0 —Ap? 0 3,—Ap?
/ p 2iNppe _q / d 2Ny pe (116)

1+ &29212p%/3 1+ &29212p%/3 o

where we have performed the change of variables, |Cy,| to p. Note that the results (115)-(116) are obtained
in the leading order in the parameter 1/SNR. Note that the expression (115) is obtained for one m-th pulse,
therefore, to obtain the mutual information of the channel with the input signal (11) it is necessary to
multiply the right-hand-side of Equation (115) by the number of the independent channels, i.e., 2N + 1.
One can see that relations in the Equation (116) coincide with ones in the Equation (76) after changing

the parameter v — 7/¢. Therefore, to obtain the results for the mutual information I ., and its
opt
asymptotics for the extended model we can replace the parameter v with §y and parameter Q — Q/Tp in

Equations (82)—(84). So, by the rescaling of Figure 2 we obtain the mutual information IP(,,,> of the extended
opt
model, see Figure 6.
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Figure 6. [This figure is taken from Ref. [21]]. Shannon capacity and the mutual information I pm) for the
opt

parameters which are presented in the Table 2, Ty = 10710 sec, and for the Gaussian shape (101) of f(t).

The black dotted line corresponds to the Shannon limit log (%), the black solid line corresponds to I i)

opt
see Equation (115), the black dashed dotted line corresponds to the asymptotics (118) for large yLP.

The asymptotics has the form:

Ly ~ log

2,272P2
t (PTO>_§7LP a17)
op

QL 3

for ZyLP < 1, and for the case when power P obeys the conditions log ¢YLP > 1, P < Ty/ (QL3¢29?)
we have the asymptotics

Lm = loglog (B@’yLP/ \f3) —log (QLz(_f'ye/(TO\/g)) +

opt
1

loglog (BCyLP/ \/§>
log (BC'yLP/ \@)

log (Bé"yLP/ \@)

[mglog (BerLP/v3) +1- (118)

Note that the asymptotics (118) is obtained with accuracy 1/ log2 (&yLP).

The found mutual information (115) is calculated for the fixed shape of the pulse envelope f(t). It is
worth noting that the pulse shape f(t) is encoded only through one parameter ¢, see Equation (106).
Therefore, strictly speaking, to find the capacity one should find the maximum over all forms of the pulses.
On the one hand, we can consider the expression (115) as the estimation of the capacity of the channel whose
model implies the specific given shape of the pulse envelope f (). On the other hand, using Equation (118)

for fixed power P one can increase the value of I pln) Taising the parameter ¢2, say, decreasing the signal time
opt

width T; for the Gaussian pulse envelope, see Equation (107). However, the limitation of the intermediate

power range P < T/ (QL3¢%7?) makes this parameter have an upper limit ¢, ~ [YLP(yL*Q/Tp)] -

and the maximum value of the mutual information L, over pulse envelope parameters is attained for
opt

the argument B@’maxfyLP/ﬁ ~ 4/ % = v/SNR.

Note that the mutual information I p(m) see Equation (115), cannot be considered as the lower bound
opt
of the channel capacity since we do not know the sign of the next-to-leading order corrections in the
parameter Q. However, the quantity IP(’”) is the estimation of the capacity with the accuracy O(Q).
opt
The mutual information L) grows as loglog P, see Equation (118), for sufficiently large average power

opt

P: (EyL)™ ! < P < Ty/(QL3¢?9?). Note that we have obtained similar asymptotics for the per-sample
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model. The time dependence of the pulse leads to same asymptotics behavior with modified nonlinearity
parameter y (v — 7).

It worth noting that all our calculations were performed under the assumption of the negligible
overlapping of the pulses, see Equation (12). It means we imply that the corrections due to the overlapping
effects are at least of the same order as the next-to-leading order corrections in the parameter QL. We can
satisfy this condition by choosing appropriate pulse parameters Ty and T;.

4. Conclusions

In our review, we considered nondispersive nonlinear optical-fiber communication channel with
the additive noise. We studied two different models of the channel: the per-sample model and the
extended model. For these models, we present results of the calculation for the following theoretical
information characteristics such as the output signal entropy, conditional entropy, mutual information in
the leading order in the parameter 1/SNR. To calculate these quantities two methods were developed for
the calculation of the conditional probability density function P[Y|X] [19,21]. The first method which was
used for the P[Y|X] calculation for the per-sample model is based on the path integral approach. In the
approach, the path integral (28) was treated using the saddle point method, i.e., the expansion in the
parameter 1/SNR, see Refs. [19,20]. This method was used to obtain the expression for the conditional
PDF P[Y|X] which is convenient for the analytical calculations of the output signal PDF P,,,;[Y], entropies,
the mutual information, and the optimal input signal distribution in the leading [19], next-to-leading [20]
orders in the parameter 1/SNR. These calculations allow us to find the lower bound of the channel
capacity for the per-sample model in the intermediate power range. The second method was applied to the
investigation of the extended model, which contains such characteristics as the bandwidths of the input
signal, the noise, and the receiver, and also takes into account the projection procedure (18). The second
method is based on the calculation of the correlators of the output signal for the fixed input signal in the
leading and next-to-leading orders in the noise parameter Q, see Ref. [21]. Using these correlators the
conditional PDF P[{C}|{C}] which reproduces all these correlators in the leading order in the parameter
1/SNR was constructed. The knowledge of the function P[{C}|{C}] allowed us to find the informational
characteristics of the extended model [21].

We compared the results of our calculations for the per-sample model with limitations on the capacity
obtained by other authors [4,17,18,22]. We demonstrated that the conditional PDF P[Y|X] presented
even in the leading order in the parameter 1/SNR reproduces the exact result (29) with high accuracy,
see Figure 1. Using the expression (53) in the intermediate power range, we found the lower bound (82) of
the capacity which is consistent with the recent results obtained in Ref. [22].

For the extended model [21] we present results of the calculation of the output signal correlators for
the fixed input signal and demonstrate that the difference in the average value for the recovered coefficient
Cy and the input coefficient Cy is proportional to the noise power containing in the total noise bandwidth,
see Equation (97). Whereas the covariances (98), (99) are proportional to the noise power containing in
the input signal bandwidth. This behavior of the mean value (Cy) is related to the model of the receiver
(i.e., the bandwidth of the receiver coincides with the bandwidth of the noise). The obtained analytical
results (97)—(99) were confirmed by the direct numerical calculations, see Figures 4 and 5. Therefore, the
constructed conditional PDF P[{C}|{C}] contains information about the bandwidths of the signal, noise
and receiver [21]. This result is in agreement with assertions made in Ref. [14]. Despite the dependance of
the PDF P[{C}|{C}] on the noise bandwidth the mutual information calculated in the leading order in
1/SNR for the extended model depends only on the noise power containing in the input signal bandwidth.
Since we have not calculated the corrections in the parameter 1/SNR to the mutual information (115),
we can only to consider this quantity as the capacity estimation rather than the lower bound of the capacity.
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The models considered in the present paper are widely-spaced from the modern communication
systems where the coefficient of the second dispersion is not zero and the signal detection procedure
differs from considered above. The effects related to the non-zero dispersion and properties of the receiver
can significantly change the results for the mutual information obtained in our consideration. However,
the methods described in the present paper may be useful for the consideration of real communication
systems. The calculations performed in Refs. [29-33] is indicative of the possibility to use the presented
methods for the capacity investigation of the nonlinear fiber-optical channels with non-zero dispersion.
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