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A Python Implementation of the Multisection Model
for Simulation of MDG-impaired SDM Channels
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Abstract— Space division multiplexing (SDM) is a promising
solution to increase the capacity of current optical networks.
However, the capacity increase provided by SDM is limited
by mode-dependent gain (MDG) generated in amplifiers. To
enable the study of MDG-impaired SDM transmission, analytical
models can be employed to simulate SDM channels at different
MDG levels. In this paper, we implement the analytical multisec-
tion model for strongly-coupled SDM transmission in Python
language. Based on the implemented model, we validate the
theoretical capacity distribution for two polarization modes and
study the frequency diversity effect in SDM channels.
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I. INTRODUCTION

Space division multiplexing (SDM) technology in optical
fiber communication systems is being studied as an alternative
solution to overcome the exponential growth of data traffic
resulting from the emergence of big data, intense social
networking, real-time gaming, and cloud services. Coupled
SDM transmission has been successfully demonstrated in
experiments over coupled-core multi-core fiber (MCFs) [1],
multi-mode fibers (MMFs) [2], few-mode fibers (FMFs) [3],
and few-mode multicore fibers (FM-MCFs) [4].

In transmission with mode division multiplexing (MDM),
propagation modes are used as parallel channels. These paral-
lel channels exhibit different group delays (GDs) that result
in modal dispersion (MD) [5]. Furthermore, for ultra-long
haul optical systems, many in-line components, particularly
Erbium-doped fiber amplifiers (EDFAs), are required. These
components can introduce mode-dependent loss (MDL) and
mode-dependent gain (MDG), here referred jointly to as MDG.
MDG is a performance-limiting factor for SDM systems and
can lead to a significant decrease in channel capacity [6]. As
MDG limits the capacity of SDM systems, its effect should be
accurately studied in simulation contexts or through analytical
models for system performance evaluation and problem ad-
dressing. This paper presents a Python-based implementation
of an SDM channel based on the multisection model proposed
in [6], focusing on the study of the capacity and MDG. Two
important results are outlined:

• A validation of the multisection model by comparing
the capacity probability density function (PDF) found
through this numerical model and by the analytical curve
proposed by Mello et al. in [7].

• A validation of the frequency diversity effect, firstly
observed by Ho and Kahn in [8].
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II. MULTISECTION MODEL AND CAPACITY OF
MDG-IMPAIRED SDM CHANNELS

Random coupling among propagation modes can be caused
by fiber bends, thermal gradients, roughness at the core-
cladding boundary, variations in the core radius, and other
effects. A numerical model to study the statistics of MDG in
SDM transmission with strong coupling was proposed in [6].
The multisection model for strongly-coupled SDM transmis-
sion models the fiber as a concatenation of K independent
sections. In the multisection model, each section of the fiber
is represented by a (D ×D) transfer matrix given by

H(k)(ω) = V(k)Λ(k)(ω)U(k)H , (1)

where D is the number of propagation modes accounting for
spatial paths and polarization states. V and U are unitary
random matrices that characterize coupling between modes at
the input and at the output of the section, respectively. The
superscript (·)(k) denotes the kth section and (·)H denotes
Hermitian operator. The matrix Λ accounts for MDG and GD
and is computed as [7]

Λ(k)(ω) = diag
[
exp

(
g(k)/2− jωτ (k)

)]
, (2)

where g(k) is the uncoupled modal gain vector and τ (k) is
the uncoupled GD vector. Also, exp(·) denotes element-wise
exponential, and diag[·] denotes a diagonal matrix formed by
placing the argument vector on the main diagonal.

To study the accumulated effect of MDG and GD at the end
of the link, in the strong coupling regime, the overall transfer
matrix is computed by multiplying the K transfer matrices as

H(t)(ω) =

K∏
k=1

H(k)(ω) = V(ω)Λ(ω)UH(ω), (3)

where (·)(t) denotes the overall contribution of all sections.
From the overall transfer matrix, the elements of the overall

gain vector can be calculated as the logarithm of λi, which
are the eigenvalues of the operator H(ω)H(ω)H .

For a fair comparison between frequency channels, the
transfer matrix, H, must be divided by a normalization factor
as [7]

H(ω) =
H(t)(ω)√

1
D

∑D
i=1 E{eg

(t)
i }

. (4)

Once the normalized overall transfer matrix is computed,
the capacity of a narrow band channel impaired by MDG,
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Cmdg , can be calculated through [7]

Cmdg =

D∑
i=1

log2

(
1 +

SNR

D
λi

)
, (5)

where the signal-to-noise ratio (SNR) is defined as the sum of
the signal power in all modes divided by the noise power per
mode.

III. SIMULATION AND RESULTS

Using Numpy and Matplotlib libraries, a code was de-
veloped to numerically simulate SDM channels based on
the numerical multisection model described in Section II.
The code can be employed to estimate important channel
parameters such as MDG and capacity.

For implementing the multisection model, firstly, the num-
ber of modes, D, number of fiber sections, K, section length
L (in km), GD standard deviation (STD), µ (in ps/km), and
the STD of MDG per section, σg , are defined.

The uncoupled gain vector g(k) is computed as a D-sized
array where half the entries are σg and the other half are
−σg . Additionally, the τ (k) vector is computed as a D-sized
array with Gaussian distributed entries that sum to zero and
have STD µgd = µ ×

√
L [9]. Accordingly, the σg and µgd

parameters are sufficient to describe the MDG and MD in
strongly-coupled transmission [6], [10].

For each section, the U and V matrices are computed as
shown in the appendix of [6]. Since the overall transfer matrix
is frequency dependent, H(t)(ω) is computed from Eqs. (2)
and (3), for an F number of equally spaced frequency bins
over a fixed bandwidth Bw. Finally, for narrow band frequency
channel ω0, H(t)(ω0) is normalized by the square root of
the mean of the overall coupled modal power gains at all
frequencies as in Eq. (4).

A. Capacity estimation

As a consequence of random coupling, the capacity of an
MDG-impaired SDM channel behaves as a random variable.
The equations presented in Section II and the steps described
at the beginning of this section for implementing the mul-
tisection model corresponds to a single realization of the
capacity random variable. Therefore, in order to describe the
capacity through a probabilistic distribution, the same process
is repeated R times to compute a large number of capacity
realizations. Then, the PDF of the capacity of an SDM channel
with D propagation modes can be numerically computed. The
theoretical PDF for D = 2 and the PDF numerically obtained
by using the multisection model are depicted in Fig. 1. The
figure shows that the capacity PDF obtained by employing the
Python implementation of the multisection model tracks with
high accuracy the theoretical PDF for the capacity.

B. Frequency diversity

The presence of MD and MDG generates a frequency-
selective channel. For high levels of MD, the channel fre-
quency response varies rapidly reducing the capacity fluctua-
tions caused by MDG, an effect known as frequency diversity.
In [8], it is observed that a normalized bandwidth b =
Bwµgd ≫ 1 guarantees independent realizations of channel
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Fig. 1: PDF of the instantaneous capacity Cmdg of a narrowband
channel in linear scale. The continuous curve is obtained with the
analytic expression for the capacity and the markers are computed
with R = 100, 000 realizations of the multisection model. A cascade
of K = 300 sections is considered, each with length L = 50 km.
MDG per amplifier is σg = 0.3 dB, and SNR/D = 6.2 dB.
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Fig. 2: Root mean square (RMS) of λi in dB for low (a) and
high (b) MD, respectively.

capacity, so instantaneous capacity approaches the average
capacity, as an implication of the law of large numbers.
Fig. 2 shows the frequency diversity effect on the MDG. With
frequency diversity, each modal gain varies rapidly between
shallow and deep fading regions, impacting the overall MDG.
In Fig. 2a, for low-frequency diversity, the MDG varies
smoothly with frequency, presenting high correlation, even for
distant frequencies. In contrast, in Fig. 2b, for high-frequency
diversity, the MDG varies rapidly, reducing the correlation of
distant frequencies.

IV. CONCLUSIONS

This paper presents a Python-based implementation of the
multisection model for strongly-coupled SDM transmission.
The performed simulations reproduce important results of
SDM-related works, validating the multisection model through
the PDF of the capacity for D = 2 and the inspection of the
frequency diversity effect. For further analysis, this numerical
model can be used to find the PDF of the capacity for a higher
number of modes with respect to different parameters, such as
σg and µgd.
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