
IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023 7202209

Modeling of Nonlinear Interference in the Same-
Wavelength Bidirectional Coherent Fiber

Communication Systems
Yuan Li , Chengcheng Wu , Peili He , Wei Li , Shaohua Yu , Ming Luo , Zhongshuai Feng ,

Muyang Mei , Student Member, IEEE, Qianggao Hu , Liyan Huang , and Haitao Li

Abstract—A detailed theoretical study is conducted on the non-
linear interference in the same-wavelength bidirectional coherent
optical fiber communication systems. The Gaussian noise (GN)
model used to evaluate nonlinear interference (NLI) in unidirec-
tional systems is applied and extended to bidirectional transmission
scenarios. The extended NLI model shows that in a bidirectional
transmission communication system, the backward signal almost
does not introduce additional nonlinear crosstalk to the forward
signal due to the strong walk-off effect between forward and back-
ward transmitted signals. Specifically, the ratio of the nonlinear
crosstalk introduced by the forward and backward signals is about
21 dB, which means that the traditional GN model is also appli-
cable in the bidirectional scenario. This conclusion is validated on
the platform of a same-wavelength bidirectional coherent optical
communication system based on Optisystem software.

Index Terms—Coherent fiber communication, GN model,
nonlinear interference, optical transmission, same-wavelength
bidirectional scheme.

I. INTRODUCTION

O PTICAL fiber communication technologies have devel-
oped to the point that almost all orthogonal dimensions of

the optical field have been utilized for capacity expansion [1],
[2], [3]. The transmission capacity of current optical fiber com-
munication systems is approaching the limit set by the nonlinear
Shannon limit, which makes further improvement challenging
[4], [5]. However, in recent years, with the rapid development of
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various high-tech technologies, global data traffic has shown an
explosive growth trend, which is continuously putting pressure
on the current optical fiber communication systems. New capac-
ity expansion solutions for optical fiber communication systems
are urgently needed.

Similar to the full-duplex technologies in wireless commu-
nication systems, ideally, the same-wavelength bidirectional
(SWB) coherent fiber communication scheme could double the
transmission capacity of existing optical fiber communication
systems [6], [7]. Therefore, it has great potential in fiber ca-
pacity expansion, which might allow the transmission capacity
of single-mode fiber to break through the limit of 100 Tbit/s.
However, the practical application of this scheme will face with
two major kinds of crosstalk, including Fresnel reflection and
Raleigh scattering noise [8], [9]. The elimination of Fresnel
reflection crosstalk can be achieved by using mature digital
signal processing (DSP) techniques or reducing the use of active
fiber connectors through fusion splicing [10], [11], [12]. For
Rayleigh scattering noise, its transmission and accumulation
processes have inherent differences compared to the signal light.
This results in a power difference between the signal light and
the Rayleigh scattered light at the receiving end. Therefore,
by adjusting the distributed gain in the fiber link, this power
difference can be enlarged, consequently effectively suppressing
the impact of Rayleigh scattering noise [13].

In addition to the aforementioned crosstalk issues, the behav-
ior of nonlinear interference (NLI) in bidirectional systems is
also worth exploring. In optical fiber communication systems,
when the transmitted optical power reaches a certain level, the
quality of the signal is severely affected by the Kerr nonlin-
earity of the fiber [14]. In a unidirectional coherent optical
communication system, if the input optical power is doubled,
the intensity of nonlinear crosstalk in the fiber will increase
by a factor of 2^3 [15]. For the bidirectional coherent optical
communication system depicted in Fig. 1, the total optical
power transmitted in the fiber is doubled due to the addition
of signals from both ends. This meets the power requirement
for generating significant nonlinear effects. However, it remains
to be determined whether strong nonlinear interactions will be
introduced from the backward-propagating signal lights. Further
theoretical derivation and analysis are needed to investigate this.
Therefore, it is necessary to quantitatively model the nonlinear
interference in this scenario.
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Fig. 1. Power evolution schematic diagram of the signal light in a same-
wavelength bidirectional coherent optical communication system.

Indeed, the modeling of NLI in optical fiber communication
systems is of significant importance. On the one hand, it allows
for the evaluation of the system’s quality under the influence
of nonlinear effect [16], [17]. On the other hand, it provides
guidance for optimizing the design of system parameters [18],
[19]. To address this need, scholars worldwide have proposed
numerous nonlinear models for optical fiber communication
systems [15], [20], [21]. Among these models, the GN model
proposed by P. Poggiolini has gained significant attention [22],
[23], [24]. For the SWB schemes we are concerned with, the
existing form of the GN model cannot be directly used to evaluate
the intensity of its nonlinear interference.

This article mainly focuses on the theoretical research of NLI
in SWB coherent optical communication systems. Firstly, to
address the limitation of the existing GN model that is only
applicable to unidirectional transmission systems, we start with
the nonlinear Schrodinger equation (NLSE) in the bidirectional
scenario. By adopting the assumptions and derivation approach
of the traditional GN model, we present a GN model specifi-
cally designed for the bidirectional transmission scenario. After
analyzing and discussing this model, we found that in a SWB
system, due to the strong walk-off effect between the forward
and backward transmitted signals, the backward signal hardly
generates additional nonlinear crosstalk on the forward signal.
The ratio of crosstalk contributions between the two directions
is approximately 21 dB, indicating that the system’s tolerance
to nonlinear effects is almost identical to that of traditional
unidirectional systems. Therefore, the traditional GN model
is also applicable in this scenario. Finally, we built a simula-
tion platform for SWB coherent optical communication using
Optisystem software. We considered transmission distances of
80/100/120 km and compared the received error vector magni-
tude (EVM) of the signal in both unidirectional and bidirectional
transmission systems.

II. DERIVATION OF THE NONLINEAR INTERFERENCE MODEL

As mentioned earlier, the GN model is an effective tool for
accurately assessing the nonlinear interference caused by the
Kerr effect in optical fiber communication systems. However,
its current form is only applicable to unidirectional transmission
scenarios. Therefore, in this section, we will focus on extending
its application to same-wavelength bidirectional scenarios and

use it to evaluate the nonlinear interference introduced by the
backward signal in this system.

In this context, we continue to apply the three assumptions
of the signal model as derived in the GN model [25]. Firstly,
we assume that the signal possesses the statistical properties of
a stationary Gaussian random process. This assumption holds
approximately when the accumulated dispersion in the system
is sufficiently large. Secondly, we assume that the signal model
exhibits periodicity, with a period equal to an integer multiple
of the symbol baud rate. This assumption is not restrictive
since we can consider the period of practical signals is infinite.
Thirdly, we assume that the average power spectral density of
the signal model is shaped by the transmit spectrum. Under the
three assumptions, the representations of the signal model in
time-domain and frequency-domain at z = 0 can be expressed
as follows, respectively:

E (0, t) =
√

f0GTx/Rx (nf0)

+∞∑
n=−∞

ξne
j2πnf0t (1)

E (0, f) =
√

f0GTx/Rx (f)

+∞∑
n=−∞

ξnδ (f − nf0) (2)

Where f0 = 1/T represents the frequency of the periodic
signal.GTx/Rx represents the power spectral density of the
transmitted/received signal.ξn is a complex Gaussian random
variable with zero mean and unit variance.

Taking the modulus square of (2) and integrating over fre-
quency yields the corresponding power value, as shown in (3):

PTx/Rx = f0

+∞∑
n=−∞

GTx/Rx (nf0) |ξn|2 (3)

We will still start with the NLSE equation to attempt to
obtain the nonlinear interference model in SWB coherent optical
communication systems. In this scenario, the NLSE can be
expressed as follows:⎧⎪⎪⎨
⎪⎪⎩

∂
∂zE+ (z, f) = −jβ (f)E+ (z, f) + [−α+ g (z)]

E+ (z, f) +QNLI,+
∂
∂zE− (z, f) = +jβ (f)E− (z, f)− [−α+ g (z)]

E− (z, f) +QNLI,−

(4)

Wher E+ and E− represent the signal optical fields for
forward and backward transmission, respectively.β(f) is the
corresponding propagation constant.α and g(z) represent the
fiber loss and distributed gain.QNLI,± are the Kerr terms, which
can be stated as:⎧⎪⎪⎨
⎪⎪⎩
QNLI,+ (z, f) = −jγ

[
E+ (z, f) ∗ E∗

+ (z, f) + E− (z, f)
∗E∗

− (z, f)
] ∗ E+ (z, f)

QNLI,− (z, f) = +jγ
[
E+ (z, f) ∗ E∗

+ (z, f) + E− (z, f)
∗E∗

− (z, f)
] ∗ E− (z, f)

(5)

Where the symbol ‘∗’ represents the convolution operation.
See Appendix for the derivation process.

Directly solving (5) is challenging, so in this case, we first
examine its characteristics near the input fiber end. Considering
that QNLI,+ and QNLI,− have cyclic symmetry, we only need



LI et al.: MODELING OF NONLINEAR INTERFERENCE 7202209

to derive the solution for QNLI,+ in the following discussion.
At z = 0, substituting the signal model described by (2) into (5)
yields:

QNLI,+ (0, f) = −jγf
3
2
0 ×⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∑+∞
i=−∞ δ (f − if0)

∑
m,n,k∈Ai

×√GTx,+ (mf0)GTx,+ (nf0)GTx,+ (kf0)ξm,+ξ
∗
n,+ξk,++∑+∞

i=−∞ δ (f − if0)
∑

m,n,k∈Ai

×√GRx,− (mf0)GRx,− (nf0)GTx,+ (kf0)ξm,−ξ∗n,−ξk,+

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(6)

Where Ai represents a collection of arrays, which is defined
as:

Ai ≡ {(m,n, k) : m− n+ k = i} (7)

For further convenience, we divide Ai into two subsets,Xi

and Ai, defined as:

Xi ≡ {(m,n, k) : [m− n+ k = i] and [m = nork = n]}
(8)

Ai = Ai −Xi (9)

Based on this, we can also divideQNLI,+(0, f) into two parts
as follows:

QNLI,+ (0, f) = QNLI,+,Xi
(0, f) +QNLI,+,Ai

(0, f) (10)

Under the subsetXi, combining the signal model given by (1)
and (2), we can further simplify QNLI,+.Xi

(0, f) as follows:

QNLI,+,Xi
(0, f) = −jγf

3
2
0

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2×
+∞∑

i=−∞
δ (f − if0)

√
GTx,+ (if0)ξi,+

×
+∞∑

n=−∞
GTx,+ (nf0) |ξn,+|2+

+∞∑
i=−∞

δ (f − if0)
√
GTx,+ (if0)ξi,+

×
+∞∑

n=−∞
GRx,− (nf0) |ξn,−|2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

= −jγ
√

f0 (2PTx,+ + PRx,−)
+∞∑

i=−∞
δ (f − if0)

×
√
GTx,+ (if0)

= −jγ (2PTx,+ + PRx,−)E+ (0, f) (11)

The above result indicates that the role of QNLI,+.Xi
(0, f) is

to introduce a fixed nonlinear phase shift that is only dependent
on the power, and the contributions of the forward and backward
signals to this part are in a ratio of 2:1.

To extrapolate the result of (11) to any position z, we can get
the following expression:

QNLI,+,Xi
(z, f) = −jγ {P

Tx
[2p+ (z) + p− (z)]}E+ (z, f)

(12)

Where p+(z) and p−(z) are the normalized signal power, and
they can be defined as follows:{

p+ (z) = exp
(
2
∫ z

0 [−α+ g (z)] dz
)

p− (z) = exp
(
2
∫ L−z

0 [−α+ g (z)] dz
) (13)

At this point, we have obtained the solution for QNLI,+.Xi

(z, f) in subset Xi. Substituting (10) and (12) into (4), we have:

∂

∂z
E+ (z, f) =

{
−jβ (f)− α+ g (z)

−jγPTx [2p+ (z) + p− (z)]

}

× E+ (z, f) +QNLI,Ãi,+
(z, f) (14)

After integrating both sides of the equation, it is found that
the solution can be split into two parts as follows:⎧⎨
⎩
E+ (z, f) = ELIN,+ (z, f) + ENLI,+ (z, f)
ELIN,+ (z, f) = eΓ(z,f)E+ (0, f)
ENLI,+ (z, f) = eΓ(z,f)

∫ z

0 e−Γ(σ,f)QNLI,+,Ãi
(σ, f) dσ

(15)
Where ELIN,+ represents the linear solution part of the equa-
tion, which characterizes the effects of dispersion, loss, gain and
the fixed nonlinear phase shift.ENLI,+ represents the nonlinear
solution part, which represents the influence of the nonlinear
Kerr effect in subset Ai. The definition of Γ(z, f) is given by
(16):

Γ (z, f) = − jβ (f) z +

∫ z

0

[−α+ g+ (σ)] dσ

−
∫ z

0

jγPTx [2p+ (σ) + p− (σ)] dσ (16)

It is worth noting that in coherent optical communication
systems, the fixed phase shift introduced by nonlinear effects can
be easily compensated through receiver-side DSP processing
techniques, which does not affect signal reception. Therefore,
ENLI,+ is the true source of nonlinear interference, whose
presence directly leads to degradation in signal quality.

From (15), it appears that in order to obtain the nonlin-
ear interference term ENLI,+, we need to know the form
of QNLI,+,Ai

. However, QNLI,+,Ai
is strongly related to

E+(z, f) (orENLI,+), which creates a circular dependency in
the solution process. To avoid this, we make the assumption
that the nonlinear interference is present in a perturbative form
relative to the linear part of the optical field. Therefore, we have:

E+ (z, f) ≈ ELIN,+ (z, f) = eΓ(z,f)E+ (0, f) (17)

By substituting (17) and (2) into (5) and rearranging, we
obtain:

QNLI,+,Ai
(z, f) = −jγf

3
2
0

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑+∞
i=−∞ δ (f − if0)

∑
m,n,k∈Ãi

×√GTx,+ (mf0)GTx,+ (nf0)GTx,+ (kf0)×
ξm,+ξ

∗
n,+ξk,+p+(z)

3
2 e−j[β(mf0)−β(nf0)+β(kf0)]z+∑+∞

i=−∞ δ (f − if0)
∑

m,n,k∈Ãi

×√GRx,− (mf0)GRx,− (nf0)GTx,+ (kf0)×
ξm,−ξ∗n,−ξk,+p+(z)

− 1
2 e−j[−β(mf0)+β(nf0)+β(kf0)]z

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(18)
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In the above equation, the fixed nonlinear phase shift term is
omitted for simplicity of expression, which does not have any
impact on the final result.

By substituting (18) into (15), we can obtain the electric field
representation of the nonlinear interference.

After simplification, its form is given as follows:

ENLI,+ (z, f)

= −jγf
3
2
0

√
p+ (z)

+∞∑
i=−∞

δ (f − if0)
(
μ
(1)
i + μ

(2)
i

)
(19)

Where:

μ
(1)
i =

∑
m,n,k∈Ãi

√
GTx,+ (mf0)GTx,+ (nf0)GTx,+ (kf0)

× ξm,+ξ
∗
n,+ξk,+

×
∫ z

0

p+ (σ) ej{β[(m−n+k)f0]−β(mf0)+β(nf0)−β(kf0)}σdσ

(20)

μ
(2)
i =

∑
m,n,k∈Ãi

√
GRx,− (mf0)GRx,− (nf0)GTx,+ (kf0)

× ξm,−ξ∗n,−ξk,+

×
∫ z

0

1

p+ (σ)
ej{β[(m−n+k)f0]+β(mf0)−β(nf0)−β(kf0)}σdσ

(21)

We are more interested in the average power of the nonlinear
crosstalk rather than its electric field form. Therefore, we obtain
its average power spectral density by taking the squared modulus
of (19) and then performing the averaging operation.

GNLI (f) = E
{
|ENLI,+ (z, f)|2

}
= E

{
ENLI,+ (z, f)× E∗

NLI,+ (z, f)
}

(22)

Where E{} represents the averaging operator, and the super-
script ∗ denotes the complex conjugate.

Note that ENLI,+ is composed of numerous independent
zero-mean random variables. Therefore, not all parts contribute
to its expectation. This can be mathematically expressed as
follows:

E
{
ξm,pξ

∗
n,q

}
=

{
1,m = nandp = q
0, others

(23)

During the expansion process in (22), the following expecta-
tion operations are involved:⎡

⎢⎢⎢⎢⎢⎢⎣

E
{
ξm,+ξ

∗
n,+ξk,+ξ

∗
m′,+ξn′,+ξ

∗
k′,+

}
,

×E
{
ξm,+ξ

∗
n,+ξk,+ξ

∗
m′,−ξn′,−ξ∗k′,+

}
E
{
ξm,−ξ∗n,−ξk,+ξ

∗
m′,+ξn′,+ξ

∗
k′,+

}
,

×E
{
ξm,−ξ∗n,−ξk,+ξ

∗
m′,−ξn′,−ξ∗k′,+

}

⎤
⎥⎥⎥⎥⎥⎥⎦

(24)

In (24), the arrays (m,n, k) and (m′, n′, k′) are both included
in the subset Ai. Each term in set (24) follows a similar calcula-
tion process. Let’s take the first term as an example to illustrate

the calculation process. First, we divide the 6 random variables
in the first term of the expectation into two categories based on
whether they are complex conjugates. Our goal is to pair these
random variables into three pairs of random variables multiplied
by their modulus squared. Otherwise, according to (23), their
contribution to the mean will be zero. Considering the constraint
of subset v (i.e.,m, k �= nandm′, k′ �= n′), we can proceed as
follows, as shown in Fig. 2:
� In the first step, ξn′,+ can only be paired with ξ∗n,+.
� In the second step, ξ∗m,+ can be paired with either ξm′,+ or
ξ∗k′,+.

� In the third step, we pair the remaining two random vari-
ables.

Based on the analysis above, the first term of the expectation
in set (24) equals 2. Other expectation terms can be calculated
using the same approach.

Here is the final result:⎡
⎢⎢⎢⎢⎢⎢⎣

E
{
ξm,+ξ

∗
n,+ξk,+ξ

∗
m′,+ξn′,+ξ

∗
k′,+

}
,E

×
{
ξm,+ξ

∗
n,+ξk,+ξ

∗
m′,−ξn′,−ξ∗k′,+

}
E
{
ξm,−ξ∗n,−ξk,+ξ

∗
m′,+ξn′,+ξ

∗
k′,+

}
,E

×
{
ξm,−ξ∗n,−ξk,+ξ

∗
m′,−ξn′,−ξ∗k′,+

}

⎤
⎥⎥⎥⎥⎥⎥⎦
=

[
2, 0
0, 1

]
(25)

Substituting the above result into (22) and simplifying, the
average power spectral density of nonlinear crosstalk in a same-
wavelength bidirectional scenario can be expressed as:

GNLI (z, f) = γ2p+ (z)×⎧⎪⎪⎨
⎪⎪⎩
2× ∫ +∞

−∞
∫ +∞
−∞ GTx (f1)GTx (f2)GTx (f1 + f2 − f)

ρ+ (z, f) df1df2+

1× ∫ +∞
−∞

∫ +∞
−∞ GTx (f1)GTx (f2)GTx (f1 + f2 − f)

ρ− (z, f) df1df2

⎫⎪⎪⎬
⎪⎪⎭
(26)

Where ρ+(z, f) and ρ−(z, f) represent the four-wave mixing
(FWM) efficiencies for the forward and backward transmission
of signal light, respectively, and they are defined as:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ρ+ (z, f) =

∣∣∣∫ z

0 p+ (σ) ej4π
2β2(f1−f)(f2−f)σdσ

∣∣∣2
ρ− (z, f) =

∣∣∣∫ z

0
p−(0)

p−(L−σ)

×ej{[4π2β2(f1+f2)(f2−f)+4πβ1(f2−f)]σ}dσ
∣∣∣2
(27)

Where β1 and β2 are derived from the first and second
derivatives of the propagation constant β using a Taylor series
expansion.

Equation (27) consists of two terms. The first term is identical
to the expression of the GN model in a unidirectional trans-
mission system under the single-polarization condition [25].
The second term represents additional nonlinear interference
introduced by the opposite-end signal.

III. DISCUSSIONS OF THE NONLINEAR INTERFERENCE MODEL

According to (26), if the integral values of the two terms
in the equation are equal, the ratio of NLI introduced by the
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Fig. 2. Calculation process of the expectations.

Fig. 3. Distribution of FWM efficiency in the f1 − f2 − ρ space: (a) ρ+(z, f); (b) ρ−(z, f).

forward and backward signals is 2:1. However, in reality, the
contributions of the forward and backward signals will strongly
depend on their respective FWM efficiencies. For analytical
convenience, in (26), we remove the coefficients associated with
the normalized power characteristics. Additionally, considering
that the two integrals have a similar functional form, this set of
equations can be written in a unified form as follows:

ρ (z, f) =

∣∣∣∣
∫ z

0

ejkσdσ

∣∣∣∣
2

=
2− 2 cos (kz)

k2
(28)

Where setting k = 4π2β2(f1 − f)(f2 − f) corresponding to
ρ+(z, f) and setting k = [4π2β2(f2 + f1) + 4πβ1](f2 − f) al-
lows us to obtain ρ−(z, f).

Obviously, as k approaches zero, (28) will attain its maximum
value, which can be expressed as follows:

ρmax = lim
k→0

2− 2 cos (kz)

k2
= z2 (29)

Equation (29) indicates that ρ+ reaches its maximum value
when f1 = f or f2 = f , while ρ− reaches its maximum value
when f2 = f , and both maximum values are equal to z2. As k
gradually moves away from zero, the FWM efficiencies decay
rapidly at a rate of 1/k2. Therefore, it can be inferred that ρ+

TABLE I
SIMULATION PARAMETERS FOR FWM EFFICIENCY

and ρ− only contribute to the double integral in (26) within a
small region near their respective maximum points.

To illustrate this phenomenon more intuitively, we provide
the three-dimensional function distribution plot of ρ+ and ρ−
on the space f1 − f2 − ρ in a specific case, as shown in Fig. 3.
The simulation parameters are provided in Table I.

The simulation results in Fig. 3 are consistent with our ex-
pectations. For ρ+, its values are mainly concentrated near the
plane f1 = f and plane f2 = f , and they decay rapidly with a
rate of 1/(4π2β2f1f2)

2 in all directions. In addition, the values
of ρ− are primarily concentrated near the planef2 = f , and
they decay with a rate of 1/{[4π2β2(f2 + f1) + 4πβ1]f2}2. It
is noteworthy that for ρ− the main contribution to this decay
rate comes from the term 4πβ1f2, which is caused by the strong
walk-off effect introduced by the signals propagating in opposite
directions. This results in an extremely steep downward trend.
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Fig. 4. Simulation link structure diagram of a same-wavelength bidirectional coherent optical fiber communication system.

TABLE II
SIMULATION SYSTEM PARAMETERS CONFIGURATION

For the double integral shown in (26), under the influence of the
decay of ρ−, the effective integration domain of the second term
will collapse into a “line.” Under this condition, its contribution
to the integral value is almost zero.

More specifically, we can approximate the contribution of
NLI by considering the volume of ρ+ and ρ− on the three-
dimensional space of f1 − f2 − ρ. The volumes of ρ+ and ρ−
are denoted as V+ = 0.0669 and V− = 0.001, respectively. If
we consider the integral coefficients in (26), the ratio of NLI
introduced by the forward and backward transmitted signal light
can be expressed as 10log10(2V+/V−) ≈ 21dB. Therefore, it
can be theoretically deduced that the backward signal does not
induce significant NLI on the forward signal.

IV. SIMULATION VERIFICATION OF THE NONLINEAR

INTERFERENCE MODEL

In the previous section, we derived the conclusion from a
theoretical perspective that in a same-wavelength bidirectional
coherent optical communication system, the backward signal
does not impose additional nonlinear interference on the for-
ward signal. To validate this conclusion at the system level, in
this section, we have constructed a simulation platform for a
SWB coherent optical fiber communication system based on
Optisystem software. The system block diagram is depicted in
Fig. 4, and the simulation parameters are detailed in Table II.

During the simulation process, we modulated both the forward
and backward transmitted signals with 32 Gbaud DP-16QAM

signals. The modulated signals were then adjusted in power
using a pre-amplifier (PA) and fed into the bidirectional fiber
transmission module. To compensate for the losses in the fiber
link, the transmitted signal power was amplified using a booster
amplifier (BA). Subsequently, the optical signal was filtered
and coherent reception was performed. The received signal was
processed through DSP to obtain the constellation diagram of
the electrical signal. From the constellation diagram, the cor-
responding error vector magnitude (EVM) was derived, which
served as the evaluation metric for signal transmission quality. It
should be noted that in the simulation, we have set the Rayleigh
scattering effect in the bidirectional fiber transmission module
to be disabled. Under this condition, the additional factors that
may affect signal transmission quality are primarily the nonlin-
ear interference. Therefore, the validity of the aforementioned
conclusion can be verified by comparing and analyzing the signal
quality between unidirectional transmission and bidirectional
transmission scenarios.

To demonstrate the generalizability of the simulation, we
conducted tests at three different transmission distances: 80 km,
100 km, and 120 km. We investigated the relationship between
the input fiber power and the error vector magnitude (EVM).
EVM can be calculated through this formula:

EVM = 10 ∗ log 10
((

n∑
i=1

|xout(i)− xin(i)|2
)
/n

)

(30)
Where xout and xin represent the normalized signal sequence

at the receiving and originating ends.
The results of these tests are shown in Fig. 5. It can be

observed that as the input power increases, the signal quality
is initially optimized due to the improvement in input optical
signal-to-noise ratio (OSNR), resulting in a decrease in EVM.
However, as the input power continues to increase, nonlinear
effects in the fiber gradually accumulate, leading to an increase in
EVM. Importantly, under both unidirectional and bidirectional
transmission conditions, the EVM curves almost completely
overlap, indicating that the nonlinear effects from the backward
direction do not further degrade the signal quality of the forward
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Fig. 5. Relationship curve between EVM and input fiber power: (a) 80 km; (b) 100 km; (c) 120 km.

signal. This confirms the validity of our conclusion in this
simulated transmission system.

V. CONCLUSION

In this article, we conduct thorough theoretical research on
nonlinear interference in same-wavelength bidirectional coher-
ent optical communication systems. The traditional GN model
which is used to evaluate NLI in traditional unidirectional sys-
tems is extended to the bidirectional transmission scenario. After
analyzing and discussing the extended nonlinear model, we
arrive at an important conclusion: in a bidirectional transmission
communication system, due to the strong walk-off effect be-
tween forward and backward transmitted signals, the backward
signal almost does not introduce additional nonlinear crosstalk
to the forward signal.

Specifically, the ratio of the nonlinear crosstalk introduced
by the forward and backward signals is about 21 dB, indicating
that the system’s tolerance to NLI is nearly the same as that
of traditional unidirectional systems. Therefore, the traditional
GN model is applicable in the bidirectional scenario as well. Fur-
thermore, we built a simulation platform based on Optisystem
software. In scenarios with transmission distances of 80/100/120
km, we compared the received signal’s EVM in both unidi-
rectional and bidirectional transmission systems. The results
show that the EVM curves of both scenarios completely overlap,
confirming the validity of the aforementioned conclusion.

APPENDIX

The derivation of the pulse transmission equation in the single
fiber bidirectional scenario also needs to start from Maxwell’s
equations. The corresponding wave equation can be obtained
after electromagnetic separation:

∇2 �E = μ0ε0
∂2 �E

∂t2
+ μ0

∂2
(
�PL + �PNL

)
∂t2

(31)

Where �E is the electric field intensity of the optical signal. �PL

and �PNL are linear and nonlinear parts of induced polarization
intensity respectively. μ0 and ε0 are the dielectric constant and
permeability in vacuum.

Generally speaking, the frequency of the modulation signal
on the optical field is much lower than the optical frequency. In
this context, the slow variable envelope approximation can be
adopted to separate the fast variable part of the electric field and

polarization intensity that vibrates with the optical frequency
and writen as follows:⎧⎪⎪⎨

⎪⎪⎩
2 �E = [E+ (�r, t) exp (−iω0t)

+ E− (�r, t) exp (−iω0t) + c.c]

2�PL = [PL (�r, t) exp (−iω0t) + c.c]

2�PNL = [PNL (�r, t) exp (−iω0t) + c.c]

(32)

Where E+ and E− represent the time slowing-change func-
tion of forward and backward transmission optical fields respec-
tively. PL and PNL is the slow-changing part corresponding
to the polarization intensity. The light field and polarization
intensity can be related by polarizability χ, and the relationship
between the two can be given by the following formula when
only polarization x is considered:⎧⎪⎨
⎪⎩

�PL = 1
2ε0χ

(1)
xx [(E+ (�r, t) + E− (�r, t)) exp (−iω0t) + c.c]

�PNL = 3
8ε0χ

(3)
xxxx

[
|E+ + E−|2 (E+ + E−)

× exp (−iω0t) + c.c]

(33)

By comparing (32) and (33), it is easy to obtain the expression
of the slow-changing part of the polarization intensity, as shown
below: {

PL = ε0χ
(1)
xx [E+ (�r, t) + E− (�r, t)]

PNL = ε0εNL [E+ (�r, t) + E− (�r, t)]
(34)

Where εNL = 3
4χ

(3)
xxxx|E+ + E−|2◦

Equation (31) is more convenient to deal with in the frequency
domain, where the time differential operator ∂

∂t can be directly
repla0ced by −iω0, so the time derivative part can be removed.
Therefore, we do the Fourier transform on both ends of (31),
and substitute (32) into it, and get:

∇2 [E+ (ω − ω0) + E− (ω − ω0)]

= −ω2μ0ε0 [E+ (ω − ω0) + E− (ω − ω0)]

− ω2μ0 [PL (ω − ω0) + PNL (ω − ω0)] (35)

After transforming (34) into the frequency domain and substi-
tuting it into (35) and sorting it out, the corresponding Helmholtz
equation can be obtained, as shown in (36) :

∇2 [E+ (ω − ω0) + E− (ω − ω0)]

+ ε (ω) k20 [E+ (ω − ω0) + E− (ω − ω0)] = 0 (36)
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In the formula, the corrected dielectric constant is ε(ω) =

1 + χ̃
(1)
xx (ω) + εNL(ω),andk0 = ω

c .
Similar to the derivation of the pulse transmission equation

under unidirectional transmission, the solution of (36) can also
adopt the separation variable method, in which we assume that
the tentative solutions of the forward and backward transmitted
light meet the following forms respectively:

⎧⎨
⎩
E+ (ω − ω0) = F+ (x, y) Ã+ (z, ω − ω0) exp (iβ0z)

E− (ω − ω0) = F− (x, y) Ã− (z, ω − ω0)
× exp [iβ0 (L− z)]

(37)
The transverse component of the light field is described by

F (x, y) in the formula. The slow variable envelope of longitudi-
nal transmission is characterized by Ã(z, ω − ω0). β0 = β(ω0)
and L represent wave number and fiber length, respectively.

Equation (37) is substituted into Helmholtz equation and
separated according to longitudinal and transverse components.
The pulse transmission equation describing signal transmis-
sion in the frequency domain can be obtained and is shown
in (38):

{
∂Ã+

∂z = i [β (ω) + Δβ (ω)− β0] Ã+ = 0
∂Ã−
∂z − i [β (ω) + Δβ (ω)− β0] Ã− = 0

(38)

Where Δβ(ω) = γ|E+ + E−|2 can be obtained by the first-
order perturbation theory, in which γ is the nonlinear coefficient
of the fiber. The inverse Fourier transformation of the above
equation can obtain the transmission equation of A+(z, t) and
A−(z, t) in the time domain, but it is usually difficult to obtain
the specific form of wave number β(ω), thus we consider the
Taylor series expansion near the optical frequency ω0:

β (ω) =

∞∑
n = 1

(ω − ω0)
n

n!

(
dnβ

dωm

)
ω = ω0

(39)

Equation (39) is substituted into (38), and inverse Fourier
transformation is performed on both sides of the equation at
the same time. In this process, (ω − ω0) can be replaced by
differential operator (i∂/∂t). Here, we only consider the influ-
ence of second-order dispersion. Finally, the pulse transmission
equation in the time domain can be written as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

∂A+

∂z + β1
∂A+

∂t + iβ2

2
∂2A+

∂t2 = iγ

×
( |A+|2 + |A−|2 +A∗

+A− exp [iβ0 (L− 2z)]
+A∗

+A− exp [−iβ0 (L− 2z)]

)
A+

∂A−
∂z − β1

∂A−
∂t − iβ2

2
∂2A−
∂t2 = −iγ

×
( |A+|2 + |A−|2 +A∗

−A+ exp [iβ0 (L− 2z)]
+A∗

−A+ exp [−iβ0 (L− 2z)]

)
A−

(40)
Note that the last two terms of the above equations are

related to the correlation coupling between the former and post-
transmitted signals, and their importance depends on the degree
of phase matching satisfaction. For the case of long-distance
transmission, the average effect is zero, so the above equation

can be simplified as:⎧⎨
⎩

∂A+

∂z + β1
∂A+

∂t + iβ2

2
∂2A+

∂t2 = iγ
(
|A+|2 + |A−|2

)
A+

∂A−
∂z − β1

∂A−
∂t − iβ2

2
∂2A−
∂t2 = −iγ

(
|A+|2 + |A−|2

)
A−

(41)
In order to reach agreement with the signal model in terms

of expression, we uniformly rewrite A±(z, t) in the pulse trans-
mission equation described in (41) into E±(z, t), and retain the
original form of its wave number β(ω), and then we do Fourier
transform at both ends of the equation at the same time to obtain:⎧⎪⎪⎨
⎪⎪⎩

∂
∂zE+ (z, f) = −jβ (f)E+ (z, f) + [−α+ g (z)]

×E+ (z, f) +QNLI,+
∂
∂zE− (z, f) = +jβ (f)E− (z, f)− [−α+ g (z)]

×E− (z, f) +QNLI,−

(42)

QNLI,±(z, f) is the nonlinear Kerr term, which is obtained by
transforming the right side of Formula (41) and can be expressed
as: ⎧⎪⎪⎨

⎪⎪⎩
QNLI,+ (z, f) = −jγ

[
E+ (z, f) ∗ E∗

+ (z, f)
+ E− (z, f) ∗ E∗

− (z, f)
] ∗ E+ (z, f)

QNLI,− (z, f) = +jγ
[
E+ (z, f) ∗ E∗

+ (z, f)
+ E− (z, f) ∗ E∗

− (z, f)
] ∗ E− (z, f)

(43)

Where "∗" stands for convolution operation.
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