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The paper presents a simulation model developed for a special optical coupler intended 
for coupling radiation from signal and pump sources used for the realization of cladding-
pumped doped fibre amplifiers. The model is developed in COMSOL Multiphysics and used 
to assess the pumping efficiency for different side pumping angles and different numbers of 
electromagnetic modes. The obtained results show that the highest pumping efficiency, above 
75  %, is achieved for 5–14 modes when two fibres representing the pump source and the 
signal source form a 10-degree angle between their central axes. The search for the optimal 
number of modes corresponds to the development trend in optical coupler technology where 
the multimode pumping by light-emitting diode (LED) replaces the classical scheme with a 
single-mode pumping by a laser diode (LD).
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1. INTRODUCTION

Recently, cladding-pumped doped fibre 
amplifiers have attracted interest for appli-
cation in space-division multiplexed (SDM) 
systems proving a transmission capacity 
increase in a cost-effective way [1], [2]. 
Hence, an appropriate amplifier is required 
for signal transmission over long distances 
(>100 km).

The most widely used optical amplifi-
ers in telecommunications are the Erbium-
Doped Fibre Amplifiers (EDFAs) and 
RAMAN effect based amplifiers. Optical 
signal amplification beyond optical C and 
L bands using doped fibre amplifiers is pos-
sible with other trivalent rare earth elements 
(ytterbium, thulium, neodymium, holmium, 
etc.) and their combinations. Co-doped 
fibre-based amplifiers are very promis-
ing solutions due to their low nonlinearity 
without degrading amplification efficiency 
[3]. For example, erbium combination with 
ytterbium allows  increasing the distance 
between the erbium ions in the amplifying 
medium; therefore, co-doping with erbium/
ytterbium minimizes the possibility of 
clustering of erbium, allowing for a higher 
concentration of erbium in the amplify-
ing medium compared to the conventional 
implementation of erbium-doped fibres. As 
a result, shorter erbium/ytterbium-doped 
fibres are required to achieve a similar level 
of gain [4]. While for the Raman amplifiers 
pumping can be performed at any wave-
length (i.e., there is no absorption band), 
and the signal characteristics are determined 
by optical phonon spectra in contrast to the 
rare-earth-doped fibre amplifiers, where the 
pump characteristics and signal bands are 
fixed [5]. 

The cladding pumping technique dif-
fers from the classic approach where pump 
light is coupled directly in the doped fibre 

core. Instead, high-power pump radiation is 
launched into a much larger inner cladding 
of double-cladding fibre. The pump light 
propagation regime in the inner cladding is 
highly multi-modal and therefore has a high 
probability of repeatedly crossing the core 
of double-cladding fibre. Once the pump 
reaches the core it is absorbed gradually by 
dopant ions, while the signal amplification 
process is the same as in the case of core 
pumping [6].

 The key to optimal cladding-pumping 
performance is special double-clad fibre 
couplers  [7]. These couplers ensure that 
signal is coupled into the output fibre core, 
but the pump light is guided into the inner 
cladding. Regarding cladding-pumping 
couplers, there are several possible realiza-
tions, for example, free space coupling (end 
pumping), tapered fibre bundles, geometri-
cally multiplexed end-pumping, V-groove 
side pumping, shallow-angle side pumping, 
etc. For further studies, a shallow-angle 
side pumping scheme was chosen because 
of good characteristics in terms of effi-
ciency, preservation of modal properties, 
and robust construction [8].

In addition to long-distance telecom-
munication networks, fibre optic couplers 
are used in various other areas, such as opti-
cal sensors in biophotonics [9], [10], com-
bined optical coherence tomography and 
hyperspectral imaging in medicine [11], 
free-space optical communications [12], 
etc. Optimum performance of optical fibre 
amplifiers is also determined by the opti-
cal composition of optical fibres and their 
resistance to harsh environmental condi-
tions [13]–[17].

An optical fibre amplifier consists of a 
doped fibre, one or more pump lasers, a pas-
sive wavelength coupler, which is also the 
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focus of this paper, optical isolators (Bragg 
grating (FBG) or Faraday rotator), and tap 
couplers (Fig. 1). The pump light is inserted 
into the rare-earth-doped fibre through a 
wavelength selective coupler where these 
schemes can be forward pumping (co-
pumped), backwards-pumping (counter-
pumped), or bidirectional-pumping (dual-

pumped) [18], [19].
In forward pumping, the input signal 

and the pump signal propagate in the same 
direction inside the fibre; in back-pumping, 
the input signal and the pump signal propa-
gate in opposite directions. Bidirectional 
pumping is performed in both directions 
simultaneously (Fig.1).

Fig. 1. Configuration of rare-earth-doped fibre amplifier employing a bidirectional pumping scheme.

Coupling efficiency is one of the most 
significant parameters that characterises a 
coupler. Because not all of the light from the 
pumping fibre is transferred to the informa-
tion-carrying double-clad fiber. Coupling 
efficiency in fibre optics is the efficiency of 
optical power transfer between two optical 
components such as two optical fibres. Cou-
pling efficiency is usually expressed as the 
ratio of output power to input power, con-
verted to per cent [20], [21]. 

Coupling efficiency is determined 
by factors such as the optimal number of 
electromagnetic modes, the optimal angle 
between pumping and information-carrying 
fibres, etc. To the best of our attempt, no 
information was found about other studies 
performed by the COMSOL Multiphysics 
Software simulating the influence on cou-
pler performance of these parameters. 

The angle-polished method is efficient 
to connect pumping and information-car-
rying fibres. The efficiency of the coupler 
has been modelled by geometric optical 
methods analysing the light transmission in 
the core and inner cladding and the loss in 
the boundary between the inner and outer 
cladding of the double-clad fiber [22]. Mul-
timode interference improves pumping effi-
ciency through the reimaging effect to pre-
vent light from diverging when exiting the 
fibre [23], [24]. 

Therefore, in this study, the number 
of electromagnetic modes is varied to find 
out at which number of modes the coupler 
reaches the highest efficiency.

For multimode pump fibre, to calcu-
late coupling efficiency ηlat formulas [25], 
[26] could be applied. Lateral coupling effi-
ciency is given by the formula:
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	  (1) 

where n1 is the refractive index of the core, n is the medium refractive index among the 
fibres, y is the lateral displacement of the axes of the fibre core and a is the radius of the fibre 
core.

Angular coupling efficiency is given by 
the formula:

	  (2)

where Θ is the angular displacement in radi-
ans and Δ is the relative difference between 
the refractive indices of the fibre. The inser-
tion loss due to angular misalignment may 
be obtained from the angular coupling effi-
ciency in the same manner as the lateral 
misalignment loss following.

To combine multi-mode and single-
mode fibre, a more complex simulation 
technique must be used for simulations. The 
most commonly used techniques are sum-
marised below:
•	 In the effective-index method, a two-

dimensional coupler structure is con-
verted into an equivalent one-dimen-
sional slab problem [27].

•	 The step-approximation method (Burns’ 
method), where the amplitude transmis-
sion and mode conversion coefficients 
for the even and odd normal modes 
across the steps are rigorously obtained 
taking into account the phase difference 
between the two normal modes  [28], 
[29].

•	 The finite-difference beam-propagation 
method (BPM) is a widely used algorithm 
for the solution of Maxwell’s equations. 
It is applied to the eigenmode, propagat-
ing beam, and time-domain analyses of 
optical waveguides [30], [31]. 

•	 Finite Element Method (FEM) is a 
numerical technique that gives approxi-

mate solutions to differential equations 
that model problems arising in physics 
and engineering. As with the more com-
monly used finite difference schemes, the 
finite element method reduces problems 
defined in geometrical space (or domain) 
to find a solution in a finite number of 
points by subdividing the domain into 
smaller regions (a mesh) [32]. 

Further, the results of other authors who 
performed simulations similar to ours using 
the COMSOL Multiphysics software pack-
age are briefly described.

A coupling mechanism of a photo-
conductive terahertz antenna with radial 
symmetry was presented in [33]. The 
3-D simulation domain is discretized into 
approximately 1.8  million tetrahedral 
mesh elements yielding a computational 
model consisting of 2.1 million degrees of 
freedom. The cylinder (2 cm diameter, 4 
cm length) is placed such that its central 
axis lies at the centre of the gap between 
the waveguide and coupler wires. Part of 
the cylinder extends outside of the rect-
angular box, for a waveguide 15 cm long. 
The coupling efficiency of the scattering 
mechanism was 56 %–50 %.

The coupling efficiency was analysed 
[34] between the antenna and waveguide 
The excitation of gap plasmon wave-
guide (GPW) by dipole nanoantenna was 
simulated and results were compared 
with corresponding predictions obtained 
using standard antenna theory. The mini-
mum mesh size was set to 3 nm. The size 
of the computational domain was always 
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3 μm × 3 μm × 3.5 μm. It was found that 
the use of nanoantennas could increase the 
conversion of an incident beam into a wave-
guide mode dramatically.

Non-volatile phase change materials 
(PCM) – clad silicon photonic 1  ×  2 and 
2  ×  2 switches –, which can be used for 
applications such as optical interconnects, 
neuromorphic computing, quantum com-
puting, and microwave photonics, were 
demonstrated [35]. The grid size of the 
mesh in our simulation was set at 20 nm 
in dimensions. A study was performed on 
how to improve the efficiency of the cou-
pler.

In [36], a technique for the highly 
stable and efficient generation of radially 
TM01 and azimuthally TE01 polarized 
beams using weakly-fused fibre couplers 
was investigated. Based on the above 
analysis and the simulations shown, a 
conventional telecom-grade SMF (Elliot 
Scientific, SMF-1300/1500 core/cladding 
diameter = 8.2/125 μm, NA = 0.14) was 
adiabatically pre-tapered at ∼1400  ºC to 
a radius of r ∼  38.6±0.1 μm for exciting 
the TE01 mode (NTT-AT, Japan). The 
fundamental mode in the SMF is directly 
coupled to the TM01 or TE01 mode by 
appropriately phase matching the modes 
in the fibres resulting in an efficiency of 
∼67 % and ∼85 %, and polarization purity 
of 70 % and 82 %, respectively. 

Optical waves confined within high 
refractive index regions if flanked by adja-
cent low index regions for biological event 
monitoring were studied [37]. To obtain 

converged results, a 0.2 mm maximum 
mesh size in the piezoelectric material 
region, a 0.15 mm maximum mesh size in 
the cavity, and a 1 mm mesh size in the 
Perfectly Matched Layer (PML) region 
were used. Each imagined sample was 
100  μm to quantify the extent and depth 
of optical confinement in the cylindrical 
cavity (19 mm radius, 30 mm height). The 
input beam can be optimized to match the 
NA and maximize the coupling efficiency.

In the scheme presented by [38], a 
tapered nanofibre (TNF) was evanes-
cently coupled with a substrate, allow-
ing the pump light guided in the TNF to 
generate a strong transverse optical force 
for the light-control-light effect. The mesh 
sizes of the tapered nanofiber (TNF) and 
medium were 5 nm and 50 nm. The cal-
culation space for the simulation was set  
as 7 μm × 9 μm × 60 μm and a TNF with a 
length of 60 μm was located at the centre 
of the calculation region along the z-direc-
tion.

In the study covered by this paper, based 
on data summarised in the above-men-
tioned publications, the numerical simula-
tions of side coupling injection with the aid 
of COMSOL Multiphysics were performed 
to analyse its efficiency. 

The rest of the manuscript is structured 
as follows: Section II describes the simula-
tion methodology and input parameters of 
the modelled coupler as well as the obtained 
results. Finally, Section III provides a sum-
mary of the simulated results and concludes 
the paper.

2. METHODS AND RESULTS

The design of the coupler was simu-
lated by COMSOL Multiphysics software 
using a two-dimensional model [39]. 

The 2D model was chosen as suit-

able because it required fewer computer 
resources and provided sufficient quality 
compared to the 3D model.

Electromagnetic field simulations were 
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performed using the Wave Optics Mod-
ule of the software. The workflow can be 
described by the following steps:
•	 define the geometry; 
•	 select materials; 
•	 select a suitable Wave Optics interface; 
•	 define the boundary and initial condi-

tions; 
•	 define the finite element mesh; 
•	 select a solver; 
•	 visualize the results.

To obtain characteristic values for cal-
culating the electric and magnetic fields of 
the coupler, COMSOL Multiphysics built-
in function line integration was used. This 
function evaluates a line integration value 
over the cut line in models of an electric and 
magnetic field. Line integration is expressed 
as the variable normE, which represents the 

amplitude of the electric field, and variable 
normH, which represents the amplitude of 
the magnetic field, respectively.

To describe the propagation of light in 
an optical fibre, power flow was examined 
using the time-averaged Poynting vector, 
which is the cross product of the electric 
field and the magnetic field:

	  (3)

The studied coupler (shown in Fig. 2) 
has an information-carrying fibre (A) and 
pumping fibre (B) connected at an angle 
g, and a tapered section (C). Information-
carrying fibre consists of single-mode (SM) 
core, an inner cladding, and an outer clad-
ding. The pump fibre, respectively, consists 
of a multimode (MM) core and an outer 
cladding. Simulation parameters are given 
in Table 1.

Tab. 1. Fibre Parameters Used in our Simulations

Input and output fibre Pump fibre

Purpose Diameter 
(µm)

Refractive 
index Purpose Diameter  

(µm)
Refractive 

index

SM core 5.8 1.5431 MM core 105 1.5293

SM inner  
cladding 105 1.5293 MM outside cladding 125 1.5054

SM outside 
cladding 125 1.5054

The refractive indices of the core and 
claddings of the above-mentioned fibres 
were determined from commercially avail-
able double-cladding fibre with flower-
shaped inner cladding. Scanning electron 
microscope (SEM) results of double clad-
ding fibre showed the presence of phospho-
rus in the fibre core, which increased the 
refractive index of silica, the inner cladding 
was silica without any traces of rare-earth 
or additional dopant elements, and the outer 

cladding was made of fluorine-doped silica 
to reduce the refractive index of the mate-
rial.

In our model, the length of information-
carrying optical fibre is 2.25 mm and a 
pump fibre length is 1.12 mm. The reason 
for choosing such dimensions is the trade-
off between the ability to easily monitor the 
model by software and the calculation time. 
The functional scheme of the coupler model 
is shown in Fig. 2.
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Fig. 2. Functional scheme of the coupler (information-carrying SM optical fibre (A) and pumping MM 
fibre (B) connected at an angle g, a tapered section (C), red-coloured cut lines indicate the location for line 

integration calculation).

The information-carrying  optical signal 
is modelled taking into account an expected 
optical signal power: Psign>1 mW at wave-
length λsign=1550 nm and a pumping sig-
nal with power: Ppump=3W at wavelength 
λpump=980 nm.

The finite element method (FEM) is 
mesh-dependent, which means smaller ele-
ments can provide better representation. The 
finite element mesh is used to subdivide the 
model into smaller domains called elements, 
over which a set of equations is solved. 

In our models, the mesh type was selected 

as “boundary layers”, which was character-
ised by a dense distribution of elements in the 
normal direction along specific boundaries. 
Element size parameters – maximum element 
size: 2.25 μm, minimum element size: 0.225 
μm, maximum element growth rate: 1.08, cur-
vature factor: 0.25, and resolution of narrow 
regions: 1. This is a compromise between cal-
culation quality and calculation time. 

In our initial simulation, the signal with 
Psign>1 mW at wavelength λsign=1550 nm 
was injected only in single-mode optical fibre 
(Fig. 3). 

Fig. 3. The simulation of the signal propagating through the coupler (single-mode fibre core). Colours 
correspond to the strength of the electromagnetic field. 

Fig. 4. A section of single-mode signal fibre shows an increase in intensity at the core of the fibre. Black dashed 
lines indicate fibre core diameter.
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As shown in Fig. 3, the colour of the 
core is closer to red, indicating a more 
intense signal, and the other parts are blue, 
indicating the absence of signal. Figure 4 
shows the electromagnetic field intensity 
dependence on the radial distance from the 
centre. The electromagnetic field intensity 
is represented by a red solid line, and the 
core diameter (5.8 µm) is represented by 
black dashed lines. The strongest signal is 
in the core of the fibre and a transitional 
region is observable on the border between 
core and cladding. Cut line locates at a dis-
tance of 16 ·10- 4 m from the beginning of 
the double cladding fibre (after connection 
pumping and signal fibres). Signal param-
eters in single-mode fibre do not change 
significantly as the signal propagates.

The part of the single-mode fibre that 
carries most of the light energy is larger 
than the core diameter of this fibre (Fig. 4). 
This phenomenon is called the mode field 
diameter (MFD). The MDF depends on 
the wavelength, the radius of the core, and 
the indices of refraction of the core and the 
cladding. The signal can be approximated 
by a Gaussian power distribution.

 The next step in our simulations is 
the injection of the pumping signal with 
the power Ppump=3  W at wavelength 
λpump=980 nm into a multimode fibre. 

The pump efficiency was analysed as a 
function of the connection angle between 
pumping fibre and the signal fibre at angles 
of 5°, 10°, 20° and 30°.

A 10-mode pumping signal was used. 
At an angle of 5°–10° coupler efficiency is 
about 95  %, but as the angle increases to 
20°–30° degrees, the efficiency decreases 
rapidly to 2–5  %. The model with a 10° 
angle between the signal and the pumping 
fibre (Fig. 2) is found to be optimal because 
at a smaller angle the pumping signal tends 
to propagate backwards.

The optimal coupling angle of 5º–10º 

calculated by COMSOL Multiphysics 
agrees with the angle of 10º published in 
[40], where calculations were done using 
geometric optics with a step of 0.5 º and 
proved experimentally.

The dependence of the coupler effi-
ciency on the number of modes injected 
into the double-cladding multimode pump-
ing fibre was modelled in our study.

Coupling efficiency was assumed as 
the ratio of the power near the beginning 
of multimode pumping fibre, which was 
coupled into a single-mode double-clad 
fiber, and power registered near the end of 
double-clad fiber (see red-coloured cut lines 
in Fig. 2).  The line integration function was 
used for numerical estimation.
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Fig. 5. Dependence of coupler efficiency on the 
number of electromagnetic modes.

The simulation shows the highest 
pumping efficiency with 7 electromag-
netic modes, but it should be noted that the 
results would be more representative if the 
fibres were longer, but it would take more 
time to run such simulations.

The range of 5 to 14 electromagnetic 
modes was considered the most suitable, 
with an efficiency of over 75  %, as rep-
resented in Fig. 5. For instance, for the 
50-mode model, only ~10  % pump effi-
ciency can be achieved.

The power of the high-order modes 
leaks more than the power of low-
order modes [41]–[43].
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Fig. 6. The 2-dimensional coupler model in COMSOL Multiphysics forms a 10º angle between the pumping 
and the signal-carrying fibre with one (a) and ten (b) electromagnetic modes injected in the pumping fibre.

In Fig. 6, for illustration, one (a) and 
ten (b) modes are injected into a multi-
mode pump fibre. The pump signal initially 
propagates almost parallel to the direction 
of the fibre, but entering the double-clad 
fibre starts to reflect from the outer coating. 
This pump signal propagation behaviour 
remains true in models with different num-
ber of modes which were calculated but not 
featured in this article.

In the research [44], the coupling effi-
ciency as a function of the number of pump-
ing modes was analysed using experimental 

data and Finite Difference Beam Propaga-
tion Method (FD-BPM) simulations. Pro-
nounced peaks corresponding to 3 and 10 
modes were observed, corresponding to 
multimode fibres with radii of 52.5 and 
92.5 μm, respectively. That means the simu-
lation model works correctly and our results 
are close to the already validated results. 
Note that recent overview of the current 
status of fibre-based multimode interfer-
ence (MMI) devices with a particular focus 
on optical fibre-based sensing applications 
was presented in [45].

3. CONCLUSIONS

In this paper, an overview of couplers 
as an important component of amplifiers 
in optical communications networks was 
presented and useful results from the litera-
ture for coupler modelling with COMSOL 
Multiphysics software package were sum-
marised.

A successful two-dimensional model 
simulating electric and magnetic fields in 
coupler with COMSOL Multiphysics soft-
ware was developed, which showed that the 
optimum number of pumping modes lied 
in the range of 5 to 14 modes, which was 
similar to the previously reported results 
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but obtained by different methods.
The developed simulation methodology 

is an important step forward in the stud-
ies of optical couplers using the COMSOL 
Multiphysics environment. However, to test 
our simulation results experimentally the 

mode-filtering technique has to be applied. 
To accurately distinguish leakage from 
uncontrolled backward propagation addi-
tional experiments using FBG or Faraday 
rotation filters could be applied.
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