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Modal decomposition technology is an effective method to study the mode characteristics of laser beam in few-mode fi-

bers. However, certain types of eigenmodes in the fiber can cause focal shift and affect the accuracy of modal decompo-

sition. This article focuses on the influence of the focal shift of Laguerre-Gaussian mode and Linear Polarization mode 

on modal decomposition, and the research is based on correlation filter and the optimization algorithm of focal shift. The 

two-step ABCD algorithm is used to simulate and analyze the focal shift phenomenon of the two kinds of eigenmodes 

and the error influence of focal shift on the mode decomposition; Meanwhile, an iterative algorithm based on Fresnel 

diffraction is proposed to numerically calculate the light field distribution in focal plane to avoid the influence of focal 

shift errors. The focal shift analysis and its optimization algorithm make the modal decomposition technology be appli-

cable to engineering applications. 
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With the development of optical fiber technology, it is 
widely used in the fields of laser weapons[1], high-energy 
laser transmission[2], satellite communications[3] and oth-
er fields. Also, the energy transmitted in the optical fiber 
is gradually increasing. While high-energy density in 
optical fiber will cause nonlinear effects, mode competi-
tion and other unexpected phenomena result in poor 
beam quality and uneven power density[4]. Generally, the 
power density of the fiber output can be reduced by en-
larging the core radius, but it will excite higher-order 
modes[5], causing signal crosstalk or noise increasing. 
Moreover, the reasons of the above beam quality deteri-
oration cannot be analyzed by the beam quality evalua-
tion factors. The modal decomposition technique can be 
exploited to calculate the weight and relative phase of 
eigenmodes, and then obtain the mode characteristics of 
the laser beam in optical fiber[6]. It is helpful for re-
al-time monitoring of beam changes in the optical system, 
improving the design of the optical system, and provid-
ing a theoretical basis for optimizing beam performance 
parameters. 

Mathematically, the eigenmodes in fiber is the solu-
tions of the wave equation combined with different 
boundary conditions. In the ‘weakly guide’ fiber, the 

eigenmodes are considered to be the linear polarization 
modes (LP modes)[7]. When solving the wave equation in 
the polar coordinate system, the eigenmodes are consid-
ered to be the Laguerre-Gaussian modes (LG modes). 
However, the focal plane of LP mode and LG mode does 
not match the actual geometric focus during the focusing 
process[8,9], which affects the accuracy of the light inten-
sity of rear focal plane of the lens. Because light intensity 
is the basis of modal decomposition, result of this calcu-
lation is also affected. In this article, the focal shift ap-
pearing in LP modes and LG modes is analyzed first; 
then, an iterative algorithm based on Fresnel diffraction 
is proposed to calculate the focused light intensity nu-
merically and avoid the influence caused by inaccurate 
position of the rear focal plane, such as defocus, focus 
shift, etc. 

Modal decomposition technology is actually a correla-
tion filter based on eigenmode superposition. The corre-
lation filter modulates the amplitude and phase of the 
beam excited from the end of the fiber. The liquid crystal 
phase modulator is used to modulate phase and corre-
sponding algorithm dealing with the light intensity rec-
orded by CCD camera to modulate amplitude[6]. Based 
on this, a correlation filtering laser beam can be achieved. 
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The transmittance function of the correlation filter is 
shown as  

max
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where ψn and fn refers to the eigenmode and the carrier 
frequency component, respectively. The transmittance 
function represents the superposition of eigenmode con-
jugates carrying different carrier frequencies. The imag-
inary part of Tn(Im[Tn]) is coded as grayscale phase hol-
ogram uploaded in the Lc-SLM. The real part of 
Tn(Re[Tn]) and the light intensity are handled by intensity 
algorithm[6]. The laser beam with a wavelength of 
1 064 nm is coupled into a few-mode fiber, collimated 
and polarized after excited from fiber. Then the beam is 
vertically incident into the liquid crystal phase modulator 
(Lc-SLM), which is focused on the surface of the CCD 
camera through a lens to obtain the far-field diffracted 
light intensity. The CCD camera moves on the electroni-
cally controlled displacement platform to adjust the de-
tection distance. The schematic diagram of the modal 
decomposition system is shown in Fig.1. 
 

 

Fig.1 Simulation diagram of mode decomposition system 

 
The incident light field can be referred as the superpo-

sition of eigenmode, which is shown as  
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where ρn, ρn
2 and φn represents the mode coefficient, the 

mode weight, and the inter-mode phase between the 
fundamental mode and the higher-order mode, respec-
tively. The principle of modal decomposition could be 
simply summarized as follows. Since the transmittance 
function introduces the spatial carrier frequency fn, the 
self-correlation distribution of eigenmodes are separated 
from each other in rear focal plane after the Fourier 
transform of the lens, according to the Fourier frequency 
shift theorem.  

In the rear focal plane of the lens, the weight of the 
eigenmodes corresponds to the light intensity at its 
translation position: 
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The inter-mode relative phase can be obtained by com-
bine Eqs.(5) and (6). Detailed derivation of these two 
formulas is introduced detailly in Ref.[10]. 
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From the theory, it can be seen that FFT is used to focus 
light beam, in which the size of image plane is restricted 
by the diffraction limit in simulation. Hence, the spot 
distribution acquired by Matlab software was too small 
and concentrated to observe, and the two-step ABCD 
algorithm was applied to adjust the size of sampling unit 
in image plane to improve the light pattern 
resolution[11,12]. The principle of two-step ABCD algo-
rithm is based on double Fresnel diffraction and coordi-
nate system substitution. Details of this algorithm is ex-
plained in Ref.[10]. In addition, the beam width is calcu-
lated by the second-order moment of light intensity. If 
the spot distribution is only a few bright spots, it is im-
possible to distinguish the change of light pattern. As a 
result, clear and definite light distribution is required for 
subsequent analysis. In simulation, it is assumed that 
there are 6 modes in the few-mode fiber and the initial 
weight coefficients and relative phases are set. The sim-
ulation results of direct FFT and two-step ABCD algo-
rithm are illustrated in Fig.2. According to the result, it 
can be confirmed that two-step algorithm can obtain a 
higher resolution of light pattern than direct FFT in sim-
ulation. 
 

 
       (a) By FFT       (b) By two-step ABCD algorithm 

Fig.2 Separated light patterns by modal decomposi-
tion 

 
It has been known from the researches that there is the 

focal shift in the lens and diaphragm system for Bessel 
beam[8,9]. In this part, we will analyze the focal shift in 
modal decomposition system for both LP and LG modes. 
Because of azimuth symmetry in both modes, the light 
intensity is zero at some points on the axis. Therefore, 
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the second-order moment of light intensity of the rear 
focal plane is exploited to calculate the beam width. The 
position with the smallest beam width corresponds to the 
actual rear focal plane. The beam width in the x direction 
is defined as follows: 

22 24
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  ,   (7) 

where p stands for total power. 
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The method for calculation of beam width in y direction 
is the same as above. It aims to calculate each beam 
width while changing the detecting position z. The rela-
tive distance is defined as  

z f z

f f

 
 ,                               (9) 

where z represents detecting position of CCD camera, 
and f is the focal length. As result of focal shift, the beam 
is focused on other plane, named actual focal plan, not 
geometric focus. The relative focal shift between actual 
focal plane and geometric focus is defined as follows, 

fz f f

f f

 
 ,                             (10) 

where zf represents actual focal plane. 
The focal shift is related to the Fresnel number. How-

ever, the aperture size of the liquid crystal phase modu-
lator is fixed, and only the focal length can be adjusted to 
change the Fresnel number. Therefore, multiple focal 
lengths are set in simulation. The focal shift phenomenon 
in the modal decomposition system is simulated and ver-
ified with results shown in Fig.3.  

 

 

 

 

Fig.3 (a)-(c) Relationship between relative distance 
and relative focal shift; (d) Relationship between rela-
tive focal shift and focal length 

 
It can be seen from Fig.3 that as for a smaller focal 

length (F=30 mm), the focal shift is not obvious, and the 
position with the smallest beam diameter is almost the 
same as the geometric focal position. As for larger focal 
lengths (F=150 mm and F=300 mm), there is a signifi-
cant difference between the actual focus and geometric 
focus. Taking F=300 mm as an example, the relative 
focal shift is greater than 0.06, which indicates that the 
rear focal plane position shifts by 18 mm. This is a rela-
tively large margin of error for practical engineering ap-
plications with high precision. When the focal length of 
the lens increases, the relative focal shift of the LP mode 
oscillates more, contributing to a smaller relative focal 
shift of LG mode. Also, the degree of focal shift is af-
fected by different types of eigenmode. The modal de-
composition system provides reference value for select-
ing lenses of different focal length and eigenmode 
mathematical models. It can be also applied in actual 
engineering applications to provide error reference. 

The accuracy of the mode decomposition technology 
depends on the accuracy of rear focal plane light intensi-
ty, as only the rear focal plane can be regarded as a Fou-
rier transform. This iterative algorithm is a simple 
one-way extreme value search algorithm, and can obtain 
the light field distribution of rear focal plane through 
numerical calculations. It is significant to avoid the focal 
shift error caused by the light intensity measurement at 
the geometric focal point. The basic principle of this al-
gorithm is introduced in Fig.4.  

 

 
Fig.4 Principle of iterative algorithm
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In Fig.4, FT stands for Fresnel operation, and Print 
stands for output. The amplitude distribution of UL1 can 
be obtained by taking the square root of light intensity at 
the position z=L1 in front of the geometric focus. Setting 
a small displacement Δz along the propagation direction, 
the complex amplitude distribution UL1+Δz can be ob-
tained according to Fresnel diffraction, which is illus-
trated as follows. 
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The beam width W is calculated by second-order mo-
ment of light intensity at each position. It is worth to know 
that it needs to determine the direction of the extreme val-
ue search, before running the algorithm. According to the 
characteristics of the focused beam, the beam width 
should decrease gradually, reaching a minimum at the 
focal plane. Only star running the iterative algorithm when 
the beam width is WL1-Δz>WL1>WL1+Δz. The displacement of 
Δz is increased forward and calculating W (beam width) is 
repeated until the beam width stops reducing and becomes 
large. The minimum beam width is output and the actual 
focal plane position is found. The distance z=L2 is selected 
behind the geometric focus. If the minimum beam width 
has not been found until position L2, the algorithm has an 
error and should be terminated.  

Next, the iterative algorithm is verified through simu-
lation with result shown in Fig.5. The abscissae 1—6 in 
Fig.5 correspond to the 6 eigenmodes arranged in in-
creasing order. Number 1 represents the fundamental 
mode of LP01 mode, and the initial phase is 0. So, there is 
no data at position of abscissa 1 in Fig.5(b). 

It can be seen from the Fig.5 that the focal shift has a 
great influence on both the weight coefficient and rela-
tive phase, which is not beneficial for phase measure-
ment. Optimized with the iterative algorithm, shown as 
the Bule Line in Fig.5, the error rate of both the weight 
coefficient and relative phase are significantly improved. 
Meanwhile, in an optical system where the incident beam 
has no focal shift, the errors caused by the misalignment 
of the detector position and the geometric focus can also 
be eliminated by this algorithm. Furthermore, the error 
analysis of focus shift provides reference value for the 
mode decomposition system when selecting lenses of 
different focal length and eigenmode types. 

 

 
Fig.5 Comparison of error analysis between with focal 
shift and iterative algorithm 

 
This article simulated and analyzed the effect of focal 

shift on the result of mode decomposition. It is found that 
phase of the mode decomposition result is influenced 
more by the focal shift than other factors. Also, change 
of the focal shift is affected by type of eigenmode and 
focal length of the lens. Besides, the focus shift of LP 
mode rather than LG mode is more sensitive to the focal 
length of lens. The simulation and analysis in this article 
provide reference and error correction for widely adop-
tion of modal decomposition technology in engineering 
applications. 

References 

[1] J. Damková, L. Chvátal, J. JežEk, J. I. Oulehla, O. 
Brzobohaty and P. Zemánek, Light Science & 
Applications 7, 17135 (2018). 

[2] S. Wassin, G. Isoe, A. Leitch and T. Gibbon, 
Optoelectronics Letters 15, 200 (2019). 

[3] H. X. Zhang, X. Zhang, H. R. Qiu and H. Zhou, 
Optoelectronics Letters 16, 75 (2020). 

[4] Stephan Wielandy, Optics Express 15, 15402 (2007). 
[5] X. Wei, J. C. Jing, Y. Shen and L.V. Wang, Light: 

Science & Applications 9, 149 (2020). 
[6] T. Kaiser, D. Flamm, S. Schröter and M. Duparré, 

Optics Express 17, 9347 (2009). 
[7] C. D. Hussey and F. Martinez, Electronics Letters 21, 

1103 (2007). 
[8] K. Prabakaran, K. B. Rajesh, T. V. S. Pillai and R. 

Chandrasekaran, Optik International Journal for Light 
& Electron Optics 124, 5454 (2013). 

[9] Y. Li and E. Wolf, Optics Communications 42, 151 
(1982). 

[10]  Y. Y. Zhang, T. F. Wang, L. S. Liu, Y. Y. Li and J. Guo, 
Laser Physics 30, 105101 (2020). 

[11] R. Christer and B. Jörgen, Journal of the Optical 
Society of America A Optics Image Science & Vision 
23, 1616 (2006). 

[12] Steve Coy, Choosing Mesh Spacings and Mesh 
Dimensions for Wave Optics Simulation, Proceedings 
of SPIE - The International Society for Optical 
Engineering, 589405 (2005).


