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[INVITED SURVEY PAPER

Nonlinear Shannon Limit in Optical Fiber Transmission System

SUMMARY  The remaining issues in optical transmission technology
are the degradation of optical signal to noise power ratio due to amplifier
noise and the distortions due to optical nonlinear effects in a fiber. Therefore
in addition to the Shannon limit, practical channel capacity is believed to
be restricted by the nonlinear Shannon limit. The nonlinear Shannon limit
has been derived under the assumption that the received signal points on
the constellation map deviated by optical amplifier noise and nonlinear
interference noise are symmetrically distributed around the ideal signal
point and the sum of the noises are regarded as white Gaussian noise. The
nonlinear Shannon limit is considered as a kind of theoretical limitation.
However it is doubtful that its derivation process and applicable range have
been understood well. In this paper, some fundamental papers on the
nonlinear Shannon limit are reviewed to better understanding its meaning
and applicable range.

key words: optical fiber communication, nonlinear Shannon limit, Gaus-
sian noise model, four wave mixing

1. Introduction

The Shannon limit [1] which represents the theoretical up-
per limit of the channel capacity is the most important and
most famous expression in communication engineering. The
spectral efficiency C/W [bit/s/Hz] is defined as the channel
capacity C [bit/s] per unit bandwidth under the influence of
white Gaussian noise. The expression of the Shannon limit
is given by

% =log, (1 + SNR) , (1

where SNR is the signal-to-noise ratio and W [Hz] represents
the bandwidth.

The information is transmitted by modulating ampli-
tude, frequency and/or phase of lightwave following the
temporal variation of information data in optical fiber com-
munication system. In conventional systems, binary digital
transmission is carried out by assigning the binary data, ‘0’
and ‘1, to the status that the light is on and off, respectively.
Recently, research and development on multi-level optical
transmission in which amplitude and phase of lightwave are
modulated have been actively carried out and their practical
implementation has already begun [2] by the development of
coherent optical communication technology [3], [4]. Optical
transmission technologies, which can overcome fiber loss by
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optical amplification and overcome linear distortions due to
group velocity dispersion and polarization mode dispersion
by coherent detection assisted by digital signal processing,
have remaining problems caused by the degradation of op-
tical signal-to-noise power ratio (OSNR) and the distortions
due to optical nonlinear effects in a fiber. Therefore in ad-
dition to the Shannon limit, practical channel capacity is
believed to be limited by nonlinear Shannon limit [5]-[17].
The nonlinear Shannon limit has been derived under the as-
sumption that the received signal points on the constellation
map deviated by optical amplifier noise and nonlinear in-
terference noise is assumed to be symmetrically distributed
around the ideal signal point and the sum of the noises are
regarded as white Gaussian noise. The nonlinear Shannon
limit is considered as a kind of theoretical limitation. How-
ever it is doubtful that its derivation process and applicable
range have been understood well.

In this paper, some fundamental papers [5]-[8] on the
nonlinear Shannon limit are reviewed to better understand-
ing its meanings and applicable range. In Sect. 2, we derive
a model equation which describes a behavior of lightwave
propagation in a fiber. In Sect. 3, the deductive derivation of
the nonlinear Shannon limit starting from the model equa-
tion is presented. In Sect.4, the application of the derived
expressions to a practical system evaluation and design are
discussed. Finally, Sect. 5 is devoted to conclude the discus-
sion.

2. Lightwave Propagation in a Fiber

A model equation which describes lightwave propagation in
a fiber is reviewed in this section [18].

2.1 Lightwave Propagation in a Linear Fiber

We consider an electric field of a linearly polarized (LP)
mode propagating in a single mode fiber which can be treated
with weakly guiding approximation. By setting the z-axis to
the fiber axis, we assume that the electric field E(r , z,t) of
lightwave in a fiber can be expressed as

E(ry,zt)

= i RelE(z.1) ¢(r.) expli(wol — fo2)}. @

where Re[+] represents the real part of [*]. r, is the co-
ordinate on the fiber’s cross section which is perpendicular
to the z-axis. 7 [s] expresses the time. i represents a unit
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vector towards the direction of polarization, i.e., the direc-
tion of the electric field, and it is perpendicular to the z-axis.
E(z,t) expresses a complex amplitude of the envelope of
the electric field and its absolute value represents the pulse
shape. ¢(r,) represents the modal function of the funda-
mental mode (LPy; mode). i = V-1 is the imaginary unit.
wo [rad/s] represents the angular frequency of the carrier.
Bo [rad/m] represents the propagation constant of the funda-
mental mode at wy.

Next, we calculate the Fourier transform of the opti-
cal pulse, E(z,t), with respect to the time . The Fourier
transformation is defined by

E(z, Aw) = \/% f N E(z,1) exp(iAwt) dt . 3)
7{ —_

Equation (3) represents that the temporary localized optical
pulse has finite width spectrum. By setting the frequency
spectrum of the optical pulse at the input of the fiber as
E (0, Aw), the frequency spectrum of the pulse, E (L, Aw)
observed after propagation of the distance L in a linear fiber,
the propagation constant of which is given by 8(w), can be
calculated as

E(L, Aw) = exp[iAB(Aw)L] E(0, Aw) , )

where AB(Aw) = B(w)
of Eq. (3) is given by

1 © -
— E(z, A
Vo [ Feo )
X exp(—iAwt) d(Aw) .

— Bo. The inverse Fourier transform
E(z1) =

Then the optical pulse observed at the output of the fiber
(z = L) can be calculated by substituting Eq. (4) into Eq. (5).

1 RPN
— 0, A
Von f_w (0. Aw) ©)
xexp{—i(Awt — ABL)} d(Aw) .

E(L1) =

When Ap is an arbitrary function of Aw, analytical integra-
tion of Eq. (6) is difficult. By applying Taylor expansion to
the propagation constant 8(w) which is a function of angular
frequency w, around the carrier frequency wg, we have

d
B@ = fo+ Ll -
20) wW=wo
1 d°pB 2
- — (w = wo) )
2 dguz w=wp
L d’p 3
+6 ﬁwzwo(w_w()) + .-
Then

AB(Aw) = BV (Aw) + gﬂgw)z ©
+é B (Aw)? +

where
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,B(m) o , m=12--). 9)

w=w(

The necessary number of expansion terms in Eq. (8) to ap-
proximate A is dependent on the pulse width at the input of
the fiber. Namely, since the bandwidth is wider for narrower
pulse width, higher order term needs to be considered.

The dispersion parameter D [s/m?] and the dispersion
slope D, [s/m?] are frequently used to characterize a fiber.
We here show the relation between D, D, and ,8(()2) [s2/ml],
,8(()3) [s?/m]. D is defined by the differentiation of B with
respect to the wavelength A.

o+ G4l
x|, di\dwl|,_,
(10)
_ d_wi(d_ﬁ) ﬁ<2>
- dldw \dw w:wo_

The relation between the angular frequency w and the wave-
length A is
2nc
== 11

w=— (1D
where ¢ represents the light speed in vacuum. Then the fol-
lowing equation can be derived by differentiating the above
equation with respect to A as

dw 2ne
= 12
da A2 12)
By substituting Eq. (12) into Eq. (10), we obtain
27rc
B (13)
D, is defined by the differentiation of D with respect to A as
dD @
D,l = — 'B
did|,_., d/l w=wo
ﬁ(z) 1 dﬁ(z)
= —2nc —2—% —2
A A2 dA |,
_ dre o) 2redo d (dp
VE 22 dd do \dw? )|y,
_ drc (2) 2nc 3)
- (% ) Po
2D 2nc
== ( ) B (14)

2.2 Nonlinear Effect in a Fiber

Light propagating in a fiber is confined in a core which has
higher refractive index than claddings and which diameter
is um-order, then the intensity of the electric field is locally
high and the nonlinear polarization could not be ignored.
Since the fiber loss is small and the light can propagate for
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long distance with preserving its high intensity, the nonlin-
ear optical effects are accumulated along the fiber and then
obviously exhibited. In this subsection, the nonlinear optical
effects in a fiber are briefly explained.

We expand the polarization vector P of the medium by
the electric field E by power series as

P = gV -E+xy?®:EE

. (15)
+Y®:EEE +--.),

where & is the permittivity in vacuum, y(! is a linear sus-
ceptibility tensor (2nd-order tensor), )((j) (j = 2)isaj-thor-
der nonlinear susceptibility tensor ((j + 1)-th order tensor).
Equation (15) shows that the polarization is proportional to
the electric field and the medium can be considered as linear
for weak intensity case, the nonlinear polarization can not
be ignored and the nonlinear optical effects are exhibited for
strong intensity case. Optical fiber is made from amorphous
silica glass. Since the glass is not a crystal without noncen-
trosymmetry, it does not exhibit the second-order nonlinear
optical effect induced by y® in general. The third-order
nonlinear optical effect induced by y® is then the lowest-
order effect.

Let us consider the nonlinear refractive index variation
Any, in which the index is changed with proportional to the
intensity of electric field due to optical Kerr effect in one of
the third-order effects.

The variation of fiber’s propagation constant 3, namely
A, arising from the third-order effect is proportional to Any,
such like

AB = koAny,, (16)

where ko = 27/ A is the wave number in vacuum. The trans-
mitted power through a fiber, P [W] can be calculated using
Eq.(2) as

P(z,t) =

ﬁoC 0

(ExH) dS
(17

|E( N> f lp(r)I* dS,

where i is a unit vector along the fiber axis, H is the mag-
netic field, and | dS represents the surface integration over

s
the fiber’s cross section. By defining

E'(z1) = \/ﬂocso f|¢(rl)|2 dS E(z1), (18)

based on Eq. (17), the unit of |E’(z,1)|? results in [W] and
then Eq. (16) can be rewritten as

AB =y|E'|*E’ . (19)

Here, y [1/(m - W)] is the nonlinear coefficient of optical
fiber and can be represented as

n
=ko—— (20)
y 0 Asﬂ'
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by using nonlinear refractive index n; [m?2 /W] and effective
area of core Az [m?]. A is defined by

( f lp(r )P dS)

f 6(r [ dS

21

2.3 The Model Equation of Optical Pulse Propagation in a
Fiber

In this subsection, we derive an equation that describes the
optical pulse propagation in a fiber in which both of disper-
sion and nonlinear effects are considered. Firstly, we focus
on the dispersion effect. We define the Fourier transform of
the complex amplitude of the envelope of the electric field
E(zt) by

. 1 (o] (o]
E(AB, Aw) = — E(z ¢t
xexp{i(Awt — ABz)} dt dz,

then we have

1 [ OME(z,1)
21 oo Jooo O™ _ (23)
xexp{i(Awt — ABz)} dt dz = (—iAw)"E,

f f BmE(z, 1)
o (24)
xexp {i(Awt — ABz)} dt dz = (lAﬁ)mE

By multiplying E(AB, Aw) to Eq. (8), we obtain

ABE = BP(Aw)E + lﬁ{f)(Aw)zE
Lo a2 (25)
+8,BO* (AW)’E + - --

By applying the inverse Fourier transform to Eq. (25) with
considering Eqgs. (23) and (24), we have

(2)

OE ﬁ(,)aE By
% _T 9=
0z 0 ot 2 (‘312 26)
6 o

Hereafter, higher order dispersion terms than the fourth order
are omitted. Since Eq. (26) is a linear equation, the replace-
ment from E(zt) to E’(z,t) defined by Eq.(18) does not
change the form of equation. Next, considering the change
of AB due to the nonlinear effect shown in Eq.(19) and
adding it to the right hand side of Eq. (26), we obtain

_OE ﬁ(l)aE’ B 0°E’
gz 0 e 2 a2
27
ﬁ(3)
7|E/|2E/.

’6 a*
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By adding the fiber loss term to Eq. (27), we have

(OE, jnOE\ By PE
0z 0 ot 2 (9[2 (28)
B 3’
70 E’ 2E/ = —jaqE’
=5 +yI|E’| iaE’,

where the loss coefficient @ [1/m] can be represented by

log, 10 __

with using @ [dB/m]. Equation (28) represents an equa-
tion which describes a lightwave propagation in an opti-
cal fiber exhibiting the dispersion up to the third-order and
the nonlinear change of refractive index. Note here that
we should care about the applicable range of Eq. (28) un-
der the assumption of single mode, single polarization, and
quasi-monochromatic approximation when Eq. (28) has been
derived. The quasi-monochromatic approximation means
that the full width at half maximum of optical spectrum,
(Af)ewim» is much smaller than the carrier frequency, fo.
From Eqgs. (13) and (14), ,862) and ,8((]3) can be represented by
using dispersion parameter D and dispersion slope D, as,

a

o_ A

By =~5-D. (30)
B = (1D, +2D) 31
0 T Qre2 A '

Especially, when ,8(()2) is not zero and the single channel
optical pulse propagation in which pulse width is wider than
a few picoseconds is considered, we can regard ﬁ(()3) ~0
and then the third order dispersion term can be omitted in
Eq. (28).

3. Gaussian Noise Model of Nonlinear Interference
Light in Dispersion Uncompensated Optical Trans-
mission Line

A method to evaluate the influence to the transmission char-
acteristics arising from the nonlinear optical effect in in-line
dispersion uncompensated optical transmission line with us-
ing dispersion compensation by digital coherent transceiver,
so-called the Gaussian noise model of nonlinear interference
light is reviewed [5]-[8].

3.1 Bit Error Rate of Digital Modulation Schemes

In digital modulation/demodulation theory, the bit error rate
(BER) can be given by a function of the (electrical) SNR
[19].

BER = f(SNR) . (32)

Definite form of a function f can be determined for each
modulation/demodulation scheme. The SNR is defined as
a ratio of averaged signal power P, and noise power of

83

amplified spontaneous emission (ASE) P,q:, and given by

P,
SNR = —& | (33)

ASE

where the averaged signal power P, can be obtained by

Pr, (7 2
P, = R |Hg, (Aw)|” d(Aw) . 34

00

Here, Pgr, is the received optical power per channel and
Ry represents the symbol rate of the transmitted signal.
Hpg, (Aw) is the baseband transfer function of the coher-
ent receiver. The ASE noise power P,s; can be obtained
by

Prao= [ Gualt Q) d(do). 35)
where G, is a power spectral density (PSD) of a single
polarization component in dual polarized ASE noise which
is received at the receiver.

The relation between SNR and OSNR is given by

OSNR = R SNR, (36)
B,
where B,, is the OSNR bandwidth.

We assume a nonlinear interference (NLI) noise can
be regarded as a Gaussian noise which is independent of
ASE noise, then using the NLI noise power Py, the SNR
including the NLI noise can be represented as

Pch
SNRy = ———, 37
N P+ P
where
Py, = f G (Aw)| Hr, (M) d(Aw) . (38)

Here, Gy, (Aw) is the PSD of the NLI noise. The relation
between SNR,, and OSNR, is then

R
OSNR,, = B—S SNR,, . (39)

n

3.2 Gaussian Noise Approximation of Transmitted Optical
Signal

3.2.1 Complex Periodic White Gaussian Noise Process

A transmitted optical signal is modelled by a complex peri-
odic white Gaussian noise (PWGN) process with the period
of Tp. It is expressed with Karhunen-Loeve expansion as

] (e8]
Enen(1) = = D &n exp(=inQot) , (40)
0 n=-co

where Qy = 2n/Ty. &, is a random variable with the mean
value of 0 and the dispersion of o2 = 1. By applying Fourier
transform to Eq. (40), we have
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Envon(Aw)

= \/L—f Epyon (1) exp(iAwt) dt
= 277 Z én f expli(Aw — nQ)t} dt 41

=V Z & 6(Aw = Q)

n=—oo

where 6(w) is Dirac’s delta function. Then the PSD for the
PWGN is given by

Ginon(Aw) = (| Epn(Bw)|?)
=Q Y. ) Eménd(Aw = mQo) 6(Aw — nQ)

m=—o00 n=—co0

=Q0 Y > 02 6umb(Aw — mQy) 6(Aw — nQy)

m=—00 n=—co0
(o)

=Q ) 6(Aw—nQy).

n=—o0o

(42)

where (*) represents the average and d,,,,, is Kronecker delta.

3.2.2 Gaussian Noise Approximation of Transmitted Opti-
cal Signal

We show how to apply the Gaussian noise approximation to
a transmitted optical signal E,(¢). E,(t) is assumed as a
periodic function with the period of T as

E () =q(t) for0<t<T,. (43)

M pulses in which each temporal waveform is represented by
s(t) are allocated with the symbol period of 75 in 0 < r < T
and their amplitudes and/or phases are modulated by infor-
mation data. g(¢) can be then represented as

M-1

96y = ) ap st —mTy) . (44)

m=0

Here, Ty = MT; and a,, is a complex number which repre-
sents the modulated amplitude and/or phase.

Next, let us calculate the Fourier transform of E,(?),
i.e., E;(Aw). Since E,(¢) is a periodic function with the
period of Ty, it can be represented with the Fourier series
expansion.

Eq(t) = )" gn exp(=inQt), (45)
n=—oo
where
1 Ty
qn = —f q(t) exp(inQot) dt . 46)
To Jo

By applying the Fourier transform to Eq. (45), we have
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Ea(Aw) = \/L_ f N E,(t) exp(iAwt) di

\/ﬂ Z qnf exp{i(Aw — nQo)t} d (47)

n——oo

=V2r Z gn 5(Aw — nQ) .

n=—oo

By substituting Eq. (44) into Eq. (46), we obtain

1 M- Ty
qn 770 n;) am L s(t —mTy) exp(inQot) dt

M-1

— ay exp(inQomTy)
Ty

m=0

To—mTy
Xf s(7) exp(inQo7) dt . (48)

-mTy

Here, we assume

To—-mTy
s(t) exp(inQo7) dt
o

\/?f s(1) exp(inQy7) dt, 49)
(s —00

’S\(l’lQ())

1

and use Qy = 2n/Ty and Ty = To/ M, Eq. (48) can be repre-
sented as

M-1
27
qn = T—Oﬂs(nQO) Z am €Xp (i27rn%) . (50)
m=0
By substituting Eq. (50) into Eq. (47), we have

E.(Aw) = Q i 5(nQ0) §(Aw — nQ)
M1 m (5D
X ,;) am €xp (zZ:rnM) .
Considering the property of Dirac’s delta func-

tion, 5(nQy) 6(Aw —nyy) can be replaced by S(Aw)
0(Aw — nQy) in Eq. (51). Therefore,

E.Aw) = Qo5(Aw) Z §(Aw — nQq)
M-l (52)

X r;) am €xp (iZHn%) .
Furthermore, we assume
s(Aw) = [s(Aw)| explips(Aw)}, (53)
and rewrite Eq. (52) as
\/STO% [s(Aw)|
X Z Zn 6(Aw — nY) .

n=—o0

E,(Aw) =
(54)

Here, ¢, is a random variable defined by
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M-1
ln = \/Q_()Zam

X exp [ {2nnﬁ + tps(nQo)}] (55)

By calculating the average value of ,,{;, we have

(Lal)) = Qo <:Z; am exp [ {27051 + 6,120}
M_ll_* . my
X n;o Ay, EXP [—l {27‘[5ﬁ + ¢S(€QO)}]>

= Qo expli{ps(n€o) — @5 (£Q0)}]

M-1 M-1 —tm
X Z Z (amlam)exp (1271 2)

mi= 0m2 0

= Qg o2 explilps (nQ0) — @5 ((Q0)}]
M-1 M-1

nmy —€{m
X Z Z Omymy exp(zZn ]M 2)

my= ()mz 0

= Qp 02 expli{ps (1) — @5 (£Q0)}]

M-1
. m
x > exp {127r(n - {’)M} , (56)
m=0
where o2 is a variance of the Gaussian variable of £, and

M-1 m
Z exp {i27r(n - é’)—}
" 7
_J 0 if n#€and (n—¢) £ kM,
M if n-0=pM

3.2.3 Model of Transmitted Optical Signal

Based on the discussions in Sects.3.2.1 and 3.2.2, using
Eq. (41), the transmitted optical signal approximated by the
Gaussian noise model is represented by

Eox(Aw) = \[Gr, (Aw) Epyen (Aw)

= G, (A Y &, 6(Aw - nQy)

n=—oo

=V Y & \JGr n90) 500 - n2g) O

n=—0oo

= D Ea(0) 6(Aw —nQ0).

n=—oo

where

En(0) = &, \|Q0 Gr, (nQ) . (59)

Here, G, (Aw) represents the envelope of modulated spec-
trum of each channel in the transmitter. Then the PSD of the
transmitted signal is given by
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Gon(Aw) = (|Eon(Aw)?)
=0 Gr,(Aw) Y > Em &)

m=—o0o0 n=—00

X6 (Aw — m€y) 6 (Aw — nQyp)

=0 G, (Aw) )’ i Smn O

m=—00 n=—00

X0 (Aw — m€y) 5(Aa) —nQy)
= Q) Gr, (Aw) Z §(Aw — nQy) .

n=—o0o

(60)

Next, the inverse Fourier transform of Eq. (58) leads

En(t) = \/% f N Eox(Aw) exp(=iAwt) d(Aw)
T

=ZE(O)

n=-—oo

X exp( iAwt) d(Aw)

6(Aw - nQ())

= Z & exp(—inQot) . 61)
n=—0o
Using the input waveform to the transmission line shown in
Eq. (61), let us calculate the electric field after propagating
through the transmission line in the next subsections.

3.3 Nonlinear Interference Noise Generated by Four Wave
Mixing

3.3.1 Non-degenerate Four Wave Mixing Model

For the simplicity, by picking up 4 different frequency con-

tinuous lights in the discrete spectrum shown in Eq. (61) and

considering those lights propagation in a fiber, we set E(z, 1)
as

E(z1) = 24: E2) exp(—iAwgt) , (62)
= Van

where Awy (k = 1,2, 3,4) is the difference between the an-
gular frequency wg and the reference angular frequency wq
in Eq. (2), i.e., Awx = wi — wg. The frequency allocation is
assumed to satisfy

w3 t+tws =w; +wy . (63)
Under this condition, Awy, satisfies
Au)3 + Aa)4 = A(u] + Aa)z , (64)

as shown in Fig. 1. Hereafter, we consider the case in which
Aw;y + Aws # 2Aw is satisfied. By substituting Eq. (64)
into Eq. (28), Eq. (28) can be separated to four equations as

dE, ~
i—L + AB(Aw))E,
dz

Y B2 2l SE D (65)
+27l' {(|E1| +2 Z |E;| )E1+2E2E3E4}

i=2,3,4

= —ia/El 5
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byt

Aw, Ao, Ao, Aw,

>a)—a)0

Fig.1 Frequency allocation of four continuous waves in which non-
degenerate four wave mixing occurs.

dE .
i—2 + AB(Aw)E>
dz

2 =2z [ 66
+§ {(|E2| +2 Z |E;| )E2+2E1E3E4} (66)

i=1,3,4

= —iaE2 )

dE ~
i— + AB(Aws) Es
dz

+2— {(lEal2 +2 Z IE,-IZ)I% +ZE]EZEZ} (67)

i=1,2,4

= —i(lEg, 5
dE. ~
i— + AB(Aws)Ey
dz

+2— {(|E4|2 2y |Ei|2)1§4+21§11§21§;} (68)

i=1,2,3
=—iakEy,

where

5
AB(Aw) = BV (Aw) + %(Aw)z

3)
+ %(Awﬁ . (69)

In the nonlinear terms in Egs. (65)-(68), we focus on the
four wave mixing (FWM) terms. The term of 751 EZE;‘ I/
in Eq.(68) represents a continuous light generation at
w4(= w1 + wy —w3) by the nonlinear interactions among
three continuous lights at the angular frequency of wi, wy,
and w3. This is called the non-degenerate FWM.

Hereafter, we consider a case where the idler light E4 is
generated by the non-degenerate FWM when three lights, E,
Ez, and E3, are simultaneously launched into a fiber. Omit-
ting all nonlinear terms in Egs. (65)-(67) and the nonlinear
terms representing the self phase modulation (SPM) and the
cross phase modulation (XPM) in Eq. (68), Eqgs. (65)-(68)
can be rewritten as
dE; . ~ .
—Z +{a —iAB(Aw;)}E; =0 forj=1,2,3 (70)
%“ +{a — iAB(Aws)}Ey — i%E@E" -0. (1)
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The solution of Eq. (70) is
Ej(2) = Ej(0) expl{—a + iAB(Aw))}z] . (72)

We assume that the solution of Eq.(71) has the following
form,

Ex(z) = Ea(2) expl{—a +iAB(Aws))z], (73)

where E4(z) is a complex function of z. By substituting
Egs. (72) and (73) into Eq. (71), we obtain
dEy ¥y = =~ =
= LB OBOE©)
z n
xexp[(—2a +iAB)z], (74)

where AB is the phase mismatching parameter. By using
Egs. (69) and (64), AB can be represented by

AB = AB1 + ALy — AB3 — APy

B (Awy + Aw; — Aws — Awy)
2)

+%{<Aw1>2 + (Aw2)? -
3)

+%{<Aw1>3 + (Awn)® -

(Aw3)? — (Aws)?}

(Aw3)® — (Aws)*}

= - (Aws - Aw)) (Aws — Awy)
3)
—% (Aw1 + Aw) (Aws — Awy) (Aws — Awy)

= —(Awy — Awy) (Awy — Awr)

A A
SCRT 75)

By setting 54(0) =0, Eq. (74) can be integrated as

E@=%E@E@%@

. (76)
« 1 — exp[(—2a + iAB)z]

2a - iAB

By substituting Eq. (76) into Eq. (73), 54(z) can be rewritten
as

Ei(2) = iZ E O EO)F(0)

« 1 — exp[(—2a + iAB)z]
2a — iAB

expl{-a +iAB(Aw))Z] .
(77)

3.3.2 FWM Light Generated in Periodically Amplified
Transmission System

Let us consider the FWM light generated in periodically
amplified optical transmission system in which optical am-
plifiers are disposed with the spacing of z, [20], [21]. By
considering N amplifiers, the total system length is Nz,. The
transmission fiber is assumed to be homogeneous in which
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(2)
(U

,8(()3), the nonlinear coefficient y, and the loss coefficient «
are constant. Furthermore, optical amplifiers are placed just
before the output end of each section and their power gain G
is set to G = exp(2az,) with which the loss of one section
with the length z, can be compensated.

FWM light generated in each section independently
propagates in the remaining transmission line linearly and
reaches to the output. At the output, the total FWM light is
obtained by coherently summing up the FWM lights gener-
ated in each section. _

Firstly, the electric field of FWM light E‘(‘k)(kza) at
the output of the k-th section which is generated in the k-th
section can be calculated by using Eq. (77) as

the group velocity dispersion 8,”, the third order dispersion

EP (kza) = iLE[(k = D 2a1Bal(k - Dzg]

XE[(k — 1)g) - 2 A0 (78)

x exp[{—a + iAB(Aws)}za] VG .

The electric field E;[(k — 1)z4] (j = 1,2,3) at the input of
the k-th section can be calculated by using Eq. (72) as

Ej[(k - 1)z4] = E;(0)
x expliAB(Aw;)(k — 1)za] . (79)

By substituting Eq. (79) into Eq. (78), we have

E{P (kzo) =i LB O Ex(0)E3(0)

x explilAB(Aw) + AB(Aw2) — AB(Aw3)} (k - 1)z,]

XexpliAB(Auws)zg] P2 A0l

= i E/(0)E(0)E} (0)

xexpli{AB + AB(Awy)} (k — 1)z4]

XexpliA(Awg) 2| -T2 AR ]

- i%El(O)Ez(O)E;(O) expliAB(k — 1)z4]

—expl(—2a +iAB)z4]
2a —iAB ’

wexpliAB(Aws)kza]
(30)

The FWM light Eik)(kZa) generated in the k-th section is
assumed to propagate in the remaining transmission line
linearly and reach the output end of the transmission line.
Then the FWM light Eik)(N Zq4) at the output z = Nz, can
be calculated by using Eq. (72) as

E{P(Nza) = E{ (kza) expliAB(Aws) (N = k)za]

= iLE\ (0)Ex(0)E3(0) expliAB(k — 1)z,]
d — expl(~2a + iAB)z4]
2a —iAB '

xexp[iAB(Aws)Nz4] !
(81)

By summing up Eq.(81) for all %, the total FWM light
Ei“’“l) (Nz,) at the output z = Nz, can be obtained as
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N

E“(‘mm)(Nza) _ Z Eik)(NZa)
k=1
—exp[(—2a +iAB)z,4]
2a —iAB

B |
= iLE/(0)E(0)E} (0)

N
xexpliAB(Aw)Nzal ) expliAB(k = 1)z,]
k=1
Y= ~ -, 1 —exp[(—2a +iAB)z,]
_anl(O)Ez(O)E3(0) 20 —iAB

) 1 —exp(iABNz,)

AB(A al =%
XexpliAB(Aws)Nzal 1 — exp(iABz,)
—expl(—2a +iAB)z,]

2a —iAB
AB(N -1)
2 Jt

~ ~ - 1
= iLE/ () E(0)E; (0)

Xexp

i {A,B(Aw4)N +

sin ABNz,
2

X— .
. (ABzq4
sin
2

(82)

3.4 Gaussian Noise Model

By setting Aw; =£€Qp, Awy;=mQy, and Aws=
€ +m—n)Qy, Awg = ny, and rewriting AB as ABgy,;, in
Eq. (75), we have

ABimn = (n=0)(n—m)Qg

y {ﬁ(()n N ﬁ(()3) (¢ +;1)Qo} ' (83)

The FWM term yl:f] EQE; /m in Eq. (68) can be represented
by the sum of exchanging the order of E, and E,, as
y(E 1 EZ + Ezfl )E;/ (27). Therefore, changing the order of
¢ and m, and counting them separately, the right hand side
of Eqgs. (77) and (82) becomes half. By rewriting E4(z) to
E (z,n€p) in these equations and substituting Eq. (59) into
them, we have

E(z,nQ) = 1593/ 2l Em

X\/GTX (€Q0)Gt, (M) G, [(£ + m — n)L]
84
><1 —expl(—2a + iAB¢mn)z] (89

2a0 — iAB[mn
xexp[{—a +iAB(nQ)}z],
E(munl)(NZa’ nQO) = I%QS/Z&’ fm §;+m—n

X\/GTX (£Q0)Gr, (mQ0)Gr, [(£ + m —n)Qy]

. ABl’mn NZa
sm|\——
1 —exp[(=2a + iABzmn) Z4] 2
2a — iABeyn _ (ABfmnza)
sin T
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Xexp

i{A,B(nQo)N + M} Za] )

2
(85)

3.4.1 Gaussian Noise Model for Incoherent FWM Light

When the FWM light generated in a single span (ss) is in-
coherent, the FWM light generated in all sections can be
obtained by summing up the power of FWM light generated
in N sections.

In periodically amplified optical transmission system,
by representing the power gain of optical amplifier located at
just before the output end of each section as G = exp(2az,),
nonlinear interference light E0 (z4, Aw) generated in a sin-
gle span can be expressed as

Eg (2, Aw)

2 (86)
= Z ES (24, nQ0)VG 6(Aw — n€y) .

n=—oo

ES) (24, nQ) can be calculated by using Eq. (84) as
E3(zasnQ0) = Y > E(zaynQ0)
¢t m

= ilﬂg/z expl{—a +iAB(nQ)}z4]
2n

XZ Z fl’ fm §;+m—n (87)
¢ m

/G, (1Q0) Gr, (mQ0) Gr. [(€ +m = m)Q]
o 1 —exp[—{2a — iABgmn}zal
2a — iABpyn '

Therefore the NLI power ﬁﬁ;{}(za, n€Yp) is represented as

P (24> 1Q0) = (|ES (20, 90) > G)
NTRAWS: *
- <(27‘[) QO zg:zmlgf fm §£’+m—n

X\/GTX (€Q0) Gt (mQy) G1, [(£ +m —n)Q]

o 1 —exp[—{2a — iABemn} 24l
2a — iABemn

XY & by Evrimn
o om

X\/GTX (£'Qo) Gr, (m'Qo) G, [(£" + m" — n)L]

o 1 —exp[-{2a + iABp 24l
20 + l'AB{?’m/n

G LIEY

<§(’ gm §;+m—n f;' 5;:1/ fff%m’fn)
x\[Gr, (£Q0) Gr, (mQ0) Gr, (€ +m — o]
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x\[Gr, (€/Q0) Gr, (m'Q0) Gr,[(¢" +m’ — m) Q]
x 1 —exp[—{2a — iABpmun}zal

2a — iABeyn
9 1 —exp[—{2a + iAB¢pn}zal

2a + iABeyyn

= (L) @ 3 D i
v

XZ Z<§m grﬂ'xg;rmfn Eeremr—n)

X\/GTX (£Qo) Gr, (ML) G, [(£ + m = n)Q]

X\/GTX (£'Q0) G, (M'Qp) G, [(£ + m’ — n)Qy]
9 1 —exp[—{2a — iABemn} 24l

2a — iABen
o 1 —exp[—{2a + iABpmn}zal

200 + iABt”m’n

2
(e 53
Gr, (£Q0) G, (M) G, [(£ + m — n)Q]

y 1 —2exp(—2az4) cos(ABrmnza) + exp(—4azy)
4a? + (ABemn)? '

(88)

In the above, a single polarized electric field has been con-
sidered. Considering dual polarized field [22]-[24], we have

—~ 8 -
P (za 1) = 2= (1B (2 nQo) %)

_ ﬁ v 2
27 (271) % ;Zml
Gr, (Qp) G, (mQp) Gr, [(£ + m — n)Qp]

x 1 —2exp(—2azq) cOS(ABpmnza) + exp(—4azya)
402 + (ABemn)? '

(89)

Therefore, the NLI power at the output end of the transmis-
sion line, Py, (Nz4, nQo) is represented as

Pai(Nzgy nQ0) = NPS (24, 1)
2 (v\? 3
=— =] NQ
27 (7‘[) 0 ; ;
Gr, (£Q) Gr, (mQ0) Gr,[(€ + m — n)Qy]

y 1 —2exp(—2az4) cos(ABrmnza) + exp(—4azq)
4a? + (ABemn)? '

(90)

3.4.2 Gaussian Noise Model for Coherent FWM Light

When the FWM light generated in each span is coherent, the
total nonlinear interference light at the output end z = Nz,
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E(Nzq4, Aw) can be represented as

Ey" (Nza, Aw)
S A(mml) (91 )
= Z ENLI (Nzaa I’lQ()) 6(Aw - l’lQ()) .

n=—oo
E© (N z4,n€) can be calculated by using Eq. (85) as

E,(\;ETD(NZaa nQp) = Z Z E(loml) (Nzg, nQ0)
7 m

Y . *
= i5 -0 expliAB(n0) N za) ; ; £ Em Epomen

x\/GTX (£Q0) Gr, (mQ) Gr, [(£ +m — n)]
y 1 —exp[—(2a — iAB¢mn)2al
2a — iABemn
(ABgmnNZa )
m|———— |:

2

X————— X
. (ABfnga)
sm|—————
2

l.ABEmn(N -1Dza

> 92)

Therefore the NLI power at the output end of the transmission
line, Py (N z4, n€dp), is represented as

PO (Nzg, 1) = (|ES™ (N 24y nQ0)1%)
3 *
= <(g) QD D e m Errmen
f m

x\/GTX (£Q0) G, (mQ) Gr.[(£ + m — n)Q]
o 1 —exp[-Qa — iABpmn)zal
2a — iABemn
(ABfmnNZa )
m|—— |:

2

X—
. (ABé’mnza )
sm|————
2

XD D i by e
gl ml

X\/GTX (£'Q0) Gr, (m'Qo) Gr, [(£' + m” — n)Qp]
N 1 —exp[-Qa + iABpyyn)zal
20’ + iAB[’m’n

.AB[mn(N - l)Za
2

. (ABt”m'nNZa)
sm|——————
2 _l.AB{”m/n(N - 1Dzq4
. AB[”m’nZa 2
sm| ————
2

(L) RTITY

m ¢ m

<f£’ fm §€+m—n§€’ fm' ft”+m’—n>
x[Gr, ((Q0) Gr, (mQ) Gr, (£ +m = m)Q]

x\[Gr, (€/90) Gr, (m'Q0) G, [(¢" + m’ — m)Q]

89

y 1 —expl-Qa — iABrmn)zal
2a — iABfmn
y 1 —exp[-Qa + iABryyn)zal
2a + iABpryn
. (ABemnNzg\ . [ABpmwnNzg
sin (—2 ) sin (—2 )

(ABfnga ) (ABf’m’nZa )
2

sin

Xexp |i

ABfmn(N - 1)Za]
2

AB[’m n(N — 1)Za:|

Xexp | — 5

= (%)2982 S €0
t U
X S &) iyt smin)

X\/GTX (£Q0) Gr, (ML) G, [(£ +m —n)Q]

xy/Gr, (') Gr, (m'Q) G, [(¢" +m’ = )]
x 1 — exp[-2a — iABpiun) 24l
2a — iABemn
% 1 —exp[-Qa +iABpun)zal
2a + iABpryyn
. [ABgmnNza . [ABpmwnNza
sin (—2 ) sin (—2 )

. ABt’mnza . AB['m’nZa
sm|——— sm|———
2 2

xexp |i

AB[mn (N-1)zq
2
AB[/m n(N I)Za]

Xexp | —

- (%) ozz

G, (¢Q) GTx (on) Gt [(£ + m — n)Qy]
1 —2exp(—2az4) cos(ABemnza) + exp(—4azy)
4a? + (ABmn)?
sin’ (ABt’manZa )

.2 (ABt’nga )
sin T

93)

For the dual polarized field, we have

—<|E“°“‘>(Nza, nQ)|%)

NLI

P (Nzg, nQp) =

NLI

227 ( ) ZZGT (£Q0) Gr, (ML)

XGr [(€+m - n)QO]
1 —2exp(—2az,) cos(ABrmnza) + exp(—4azy)
402 + (ABemn)?
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(94)

3.5 Power Spectral Density of Nonlinear Interference
Noise

Since the following expression is satisfied for any function
of f(Aw),

f faw) d(dw) = lim > Q0 f(nQ0),  (95)

by setting Q¢ — 0 (Typ — ) in Eq.(90), Q= Aw;,
m€)y = Aw,, and nQy = Aw, we have

Gau(Nzg, Aw) = T})iinoo QOﬁNLI(NZa’ n€)

2 2 (o] (o]
-2 (%) Nf f Gr. (Aw1) Gr. (Aw»)

XGr, (Aw; + Awy — Aw) (96)
y 1 -2exp(—2az,) cos(ABz,) + exp(—4az,)
402 + (AB)?

Xd(Awy) d(Awy) .
From Eq. (94), we also have
Gt (N2, Aw) = lim Q0P (V20 n )
0—00

2 2 (o] (o]
=ﬁ(%)f f Gr. (A1) Gr. (Aw»)

XGTX (Aa)l + sz - Aa))
y 1 -2exp(—2az,) cos(ABz,) + exp(—4az,)

402 + (AB)? ©7)
.2 (ABNZa)
sm” | ————
W d(ALL)l) d(sz) .
sin T

AB in Egs. (96) and (97), is given by a formula in which Aw4
in Eq. (75) is replaced with Aw.

3.6 Nyquist Limit

Here we focus on a Nyquist WDM transmission system.
In this case, the symbol rate R, is equal to the channel
bandwidth B,,. We assume that Gr_(Aw) is given by

Gyom |Aw| < Bypy

Gr, (Aw) = { 0 otherwise . (98)

Here, Gy and By, represent the transmission power spec-
tral density and total bandwidth of the Nyquist WDM signal,
respectively. By setting Aw = 0 in Eq. (96), we have

Gui(Nzg,0)

—2(7)2NG3 ff[l 2 exp(—2az,)
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Aw,
A
TL-BWDM
D \
c TL-BWDMA
> AW
- ﬂ:BWDM 0 !
- ”BWDM

Fig.2  The domain of integration 9 and approximated domain of inte-
gration C.

x cos{| 857 1(Aw1) (Awn)za} + exp(—4azq)]

x[4a? + {187 1(Aw1) (Awn) 1T d(Awy) d(Aw) .
(99)

Here, we assume the third order dispersion ,8(()3) =0 in
Eq. (75). In this case, the domain of integration O in the
Aw; — Aw; plane is determined by Eq. (98) and it satisfies

|Awil, [Awsl, |Awr + Aws| < 7By - (100)

The domain of integration O is shown in Fig. 2. Analytical
integration in the domain of D is difficult. Then the domain
of integration is approximated by a circular domain C with
the radius of 7By, Which is surrounded by a dotted line in
Fig. 2. The numerator of the integrand is also approximated
as

1 = 2exp(—2az,) cos{| B 1(Aw)) (Aw))za)
+exp(—4azy)
=1-2exp(—2azy)

x[l — 2sin? { 1857 (Aw) (Aws)za }]

2
+exp(—4azy)
=1-2exp(—2azy) +exp(—4az,) (101)
) { 1B 1(Aw) (Aw2) za }

+4exp(—2az,) sin >

= {1 —exp(-2az,)}*
2 { |ﬁ(()2)|(Aw1)(Aw2)Za}

+4 exp(—2az,) sin 5

=~ {1 —exp(—2az,))? .
Furthermore, the effective length of optical amplifier spacing

L., and the asymptotic effective length L., are respectively
defined by

Za
L. :f exp(—2az) dz
0
1- -2
Sl Jal A (102)
2a
1
Leﬁ',a = lim Leﬂ' =5 - (103)
Za—00 2a

Using Eqgs. (101)—(103), Eq. (99) becomes
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Fig.3 Integration on a unit circle C and four simple poles.

2
Gai(Nzg,0) = ﬁ (Z) NG%/DMLeZE

ffcl+

Next, the following variable transformation is introduced to
integrate in the circular domain C. By setting

d(Aw1) d(Awy) (104)

(2)|(Aw1)(Aw2)Lcn,a}2

{Aw1 = rcosg, (105)

Awy, = r sing,

we can rewrite Eq. (104) as

2
G (N 24, 0) = (Z) NG, L2,

f27r fﬂBWDM rdr d‘,D
1+ (|,8(2)|chf1},)2r4 cos? ¢ sin? ¢

(106)

By setting z = exp(i¢) in Eq.(106), the integration with
respect to ¢ is replaced with the integration on a unit circle
C with |z| = 1 which center is located at the origin of the
complex plane shown in Fig. 3. Then we have

2 r
1, = f dy
’ 0 1+ (IB{7ILg.)?r* cos? ¢ sin® ¢

BB

dz
1+ (187 | Laur®)? iz
16r
=]
(B ILuar?)?
-1
4
Xf 13(z4+(2)—22— 1)
& |ﬂ0 |Leff,ur2
4 -1
X (z4 -~ m—zz - 1) dz . 107)
1B | Lgur?

In this case, the integrand in Eq. (107) has four simple poles
in the domain surrounded by C,
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| ( 2 )2 | 2 (108)
1B | Legar 1B | L

Then Eq. (107) can be represented as

. 16r f
I,=i—— | f(2)dz, (109)
U UBP Lwr? Je
where
P-D T z+ D) M z-i) N z+inT!
f() = 5 -
2
1B | Lagar? 1B | Lagur?
(110)

The complex integral of Eq. (109) becomes

16r

Ly

Iy =

x{ResLf(2), ] + Res[f (2). ~1] (1D
+Res[f(z),id] + Res[f(z), —i1]} .
Here,
Res[f(z), 1] = Res[f(z), —1]
= Res[f(2),id] = Res[f(z), —id]
B+ 1ta-inta+in!
/14 — ; + ] + ;
|8 | Loyur? I8P | Loyur?
1
S T
1B | Lugur? 1B | Layar?
2
2
# + 1 + ;
1B | Ly 1B | L
- 1B | L
- : :
20— +1
\ (mé”weﬂ,arZ) ’
@ 2y
IR ) | i)
2
|B(()2)|Leu‘,ar2
64\ 1+ (T

Therefore the complex integral of Eq. (109) leads

32nr

lp= ————X
(B | Luyur®)?
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2
(B |Laar®)?

X
@) 2\2
L..r
64J] (Iﬁ Izﬁ, )

- 2nr . (113)

L (18 g
+ —

Substituting Eq. (113) into Eq. (106), we have

2y
Gxu(Nz4,0) = 27 (_) NG?VDM s[l'

7 Bwoy 2nr
xf dr . (114)
| J

2
| (2)|Le ‘,ar2
1+ (ﬁo—ﬂ

2

Furthermore, by changing variable with R = | ,6’(()2) |Lr?/2

and integrating it, we obtain

GNL](NZG’ 0)
2 (y
== (_) NG3 L2
X f B ILeraBipn/2 o dR
0 VI+ R 1B L,
4 ¥’NG?3 72 1B | Lera By /2

L2
— WDM eff h R
27 716 |Luns fint .

4 VNGl 721 BSP | L By
e 1B L, 2 '
(115)

For x > 1,

sinh ™! (x) = log, (x + Vx2 + 1) = log,(2x) . (116)

Applying the approximation of Eq.(116) to Eq.(115), we
obtain

GNLI(NZH’ O)
4 y2NG3,, L2 .
= LW oo (22 B | La By, -

27 71BY | Las

The NLI noise power Py; can be calculated by using Eq. (38)
as

PNL[(NZG)

118
- [ GutVa s e P dswy. 1Y
By approximating Gy, (Nzg4, Aw) = Gy,(Nz4,0) and as-
suming the bandwidth of the receiver is equal to the OSNR
bandwidth B, we set Hg (Aw) as

1 |Aw| < 7B, ,

Hr, (Aw) = { 0 otherwise , (119)
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Then we have

Pyi(Nzg) = 21B,Gyi;(Nzg4,0)

8 ¥Y°NG; LB, 21 p@) 2
= ——— O og, (n°| By | L Bapy,) -
27 18P L ‘ .

(120)
By setting L., ~ L5, we obtain
2\’ ¥’NG3,,, LB
Pui(Nzg) = ( ) W—DZMH
3 1857
X 10g, (2| B | L Biny,) - (121)

The total bandwidth of WDM signal By, the transmis-
sion power spectral density Gypy, and the total transmission
power Py, are respectively expressed by using the total
channel number N,, and transmission power per channel P,
as

Byoy = NuBy = NuRs (122)
Pch Pch

G = — = R 123

WDM B, R, ( )

Pyoni = NPy = Gyon By - (124)

By substituting these expressions into Eq. (121), we have

2 NP3L.B,
1By IRS
x log, (1?1 8L |LuN2R?) . (125)

4. Application to Evaluation and Design a Transmission
System

Let us consider to apply Eq. (125) to evaluate and design a
Nyquist WDM transmission system. By setting Ry = B, in
Eq. (39), Eq. (37) becomes

OSNR,, = SNR, = Fa (126)

N NL_PASE-|-PNLI.

By defining a parameter F' which is independent of fiber
characteristics such as noise figure of optical amplifier, the
total ASE noise power after propagation through the total
length of the transmission line Nz, is represented as

Pu:(Nzo) = FNG = FN exp(2azq) - (127)

On the other hand, the NLI noise power can be represented
by using Eq. (125) as

2 3
Y’NP3 L,
Pai(Nzqg) = ——32== = hP] (128)
1857
where

3 21 p(2) 2 p2
_ (g) log, (7718, |LeﬁNchRS) (129)

3 R?
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¥*NLy,
=1
1B

For simplicity, hereafter we treat n as a constant. By substi-
tuting Eq. (128) into Eq. (126), we have

Pch

(130)

OSNRy, = ———— . 131
e P (13D
Differentiating Eq. (131) with respect to P,,, we have
O(OSNRy)  Pu —2hP3 _ (132)

0Py (Pus+ hP3)2

By setting the right hand side of Eq. (132) to 0, the optimum
value of P, i.e. P canbe determined. By using Egs. (127)
and (130), we have

1/3
P(()pl) _ P ASE /
ch -
2h

1/3
(P18 exp2aza) 133
B 277 yzLeff ’

By representing P5" in Eq. (133) with the unit of [dBm], we
have

P{™[dBm] = 10 log,, Py [mW]

10 YLa| 1. (134)
=Cy — = log, + -0z, .
3 18313

Here, Eq. (29) was used to derive the above expression. Cj
is given by

10 F
C1 = ?loglo (E) , (135)
and it is independent of the transmission fiber. By substitut-
ing Eq. (133) into Eq. (131) and using Eqgs. (127) and (130),
we find the maximum value of OSNRy,,

1
(max) __
OSNRNL - Sh{Pc(ﬁ""}z
1/3
(4 7 1[I Iexp(-4aza) (136)
27F277 N 72 Loy .

(max)

By representing OSNR ;"™ with the unit of decibel, we obtain

OSNR™[dB] = 10 log,, OSNR:™

10 'yzLar 2
3 B8 3
(137)
where
10 4
C=—1 —, 138
2773 %0 (27F2n) (138)

and C; is independent of the transmission fiber, too.
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OSNR_ ®/OSNR__ ™)

Fig.4  Variation of OSNRY, for Py, = r PS™.

Next, we consider the relation between OSNR,, and P,
when the transmission power per channel P,, is not optimum.
By setting P,, = rP5" with a constant r, OSNR{, can be
represented by using Egs. (131), (133), and (136) as

(opt)
rPyr
Py + hr3 (Pc(gpl))S
3r
r3+2

OSNR?, =

OSNR™ . (139)

By representing OSNR{, with the unit of decibell, we find
OSNRY, [dB] = 10 log;, OSNR{,

3
= 10 logy, (ﬁ) + OSNR™[dB] .

(140)

We show Eq. (139) in Fig. 4. The optimum transmission opti-
cal power PS™ and the maximum value of OSNR, OSNRG™,
can be obtained in Eqs. (134) and (137), by the parameters
of the transmmission line except C; in Eq. (135) and C; in
Eq. (138), i.e., only by the second order dispersion coefficient
,8(()2), nonlinear coefficient vy, loss coefficient @, optical am-
plifier spacing z,, number of sections N. The OSNR when
the transmission optical power per channel P, deviates from
its optimal value can be calculated by using Eq. (140). These
results can be applied to evaluate and design a Nyquist WDM
transmission system.

SNRy, is equal to OSNRy, in Nyquist WDM trans-
mission system as shown in Eq.(126) and then OSNR{™
in Eq. (136) gives the upper limit of the spectral efficiency
shown in Eq. (1). This is the nonlinear Shannon limit.

5. Conclusion

The nonlinear Shannon limit has been considered as a kind of
theoretical limitation. To clarify its meanings and applicable
range, some fundamental papers on the nonlinear Shannon
limit have been reviewed. The Gaussian noise model on
the nonlinear Shannon limit has been experimentally vali-
dated for various fiber types in [8]. But it does not give
the theoretical limitation of the channel capacity. Recently,
various attempts to break the limitation by nonlinear com-
pensation schemes and nonlinear transmission technologies
have been reported [25]-[48]. The nonlinear Shannon limit
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is a transitional limitation which can be overcome.
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