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Three factors that degrade the accuracy of modal decomposition are extensively studied using simu-
lated and measured beams. These include a beam size mismatch, beam center mismatch, and signal-to-
noise ratio of the images. The beam size and beam center are scanned using simulated noisy beams, and 
the result of the modal decomposition is compared with that of real beams. Based on the suggested pro-
cedure, error functions of approximately 1–4 × 10–3 can be acquired for real beams. This study provides 
important information regarding the impact of the three factors on the practical modal decomposition 
and tolerances of a mismatch, helping estimate the achievable values of the error function in a real beam 
modal decomposition. 
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I. INTRODUCTION

The beam quality assessment of a laser beam often in-
cludes the modal weight and phase of the constituting trans-
verse modes. Whereas the beam profile measured using a 
charge-coupled device (CCD) provides only the qualitative 
shape of the beam and the M2 value-averaged focusability 
or divergence, the modal contents can provide the most de-
tailed and quantitative information of a beam, and help us 
diagnose any mode-coupling events in the laser or actively 
control the beam quality. A numerical modal decomposition 
(MD) [1–4] facilitates and proliferates the advanced beam 
analysis because it is based only on the beam profile and 
algorithm without a complicated or delicate setup. Many 
algorithms including a stochastic parallel gradient descent 
(SPGD) algorithm [3, 5], genetic algorithm [6], and con-
volutional neural network (CNN) [4, 7, 8] have proved the 
suitability of a numerical modal decomposition through 
both simulations and experiments. 

The accuracy of numerical MD, the degree of similar-
ity between the measured and reconstructed beams, is 

expressed by the cost or error function [5], which is the cor-
relation between the two beams. In simulation studies, the 
error function can be achieved at down to ~10–7 [5] depend-
ing on the modal contents because the generated beam is 
perfectly shaped without any noise or errors. Only algorith-
mic issues, for example, the target error function, iteration 
numbers, or local optimum degrade the accuracy. The errors 
in the modal weight and phase can be precisely calculated 
using the known modal contents of the generated beam. 
However, in a real beam analysis, it is difficult to achieve 
an error function of better than ~10–3 [7–11], and the devia-
tions of the modal weight and phase should be provided af-
ter repeated calculations because we do not know the exact 
modal contents and cannot calculate the errors. In practical 
terms, matching the beam size and beam center between 
the measured and reconstructed beams is not easy, and the 
measured beam images are mostly noisy. The alignment of 
the coordinate system of the measured and reconstructed 
image planes was briefly discussed in [2], and decomposing 
the noisy beam patterns was only simulated in  [4]. Because 
of a lack of research on these real beam issues, we do not 
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understand why the error function of real beams is stuck at 
approximately 10–3 and how impactful the beam size, beam 
center, and image noise are for a numerical modal decom-
position. 

In this study, we considered the factors that cause an 
imperfect MD to determine the impact on the result and 
the tolerances of a mismatch. These include a beam size 
mismatch, beam center mismatch, and signal-to-noise ratio 
(SNR) of the images. Scanning the beam size and beam 
center using simulated noisy beams was carried out, and 
the MD results were compared with those of real beams. 
The change in beam size was embodied by the variation in 
the pixel pitch of an image while maintaining the number 
of pixels. Noisy beams were simulated by adding white 
Gaussian noise to each eigenmode. Based on the calcula-
tion of real beams, the SNRs of the simulated beams were 
assumed to be 50–30 dB. First, the MD that varied one fac-
tor and assumed the others as ideal was carried out to see 
the individual effect, and the final MD result was then ac-
quired when considering all three factors. An analysis of the 
real beams was similarly conducted. The enhanced SPGD 
algorithm [5], which we modified from a conventional al-
gorithm in previous research, was used in all calculations. 
From the analysis, we can see the impact of the pixel-wise 
mismatch of the beam size and beam center as well as the 
SNR of the images. In addition, we can estimate the achiev-
able error function in a real beam MD. 

II. SIMULATION

Numerical MD reconstructs a beam that has a beam 
shape as close as possible to the measured beam by itera-
tively updating and finally obtaining the modal weight and 
phase of each eigenmode. In fiber lasers, the core/clad ge-
ometry determines the number of propagating modes [12]. 
For the procedure, we define the error function D as fol-
lows [5]: 
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, (1)

where Ime (x,y) is the measured beam profile and Ire (x,y) is 
the reconstructed one. In case of simulation, Ime (x,y) is sub-
stituted by a generated beam by simulation. This function 
has a value of between zero and 1, and D = 0 means that the 
reconstructed beam is identical to the measured beam. The 
details of the enhanced SPGD algorithm used in this work 
can be found in [5]. 

Three-mode fiber guiding linearly polarized (LP) LP01, 
LP11, odd, and LP11, even was used in the simulation and experi-
ment. First, matching the beam size of the reconstructed 
beam with the measured beam was carried out. In an optical 
fiber with a 20 µm core diameter and 0.06 numerical aper-
ture (NA), the mode-field diameter of each LP mode can be 
accurately calculated with Bessel functions [12]. Matching 
the beam size means determining the exact boundary of the 

fiber modes that span the clad region. The measured beam 
in the near-field image plane is a magnified projection of 
these fiber modes. The number of pixels in the XY image 
plane was chosen as 200 × 200. The scanning of the pixel 
pitch then varies the spanning size of the beam. The simula-
tion procedure is as follows. First, the target error function 
is set as 10–6. The enhanced SPGD algorithm [5] works by 
iteratively updating the modal coefficients to minimize the 
error function until it reaches the target error function and 
the right modal contents are acquired. The error function 
easily reaches the target value at the exact pixel pitch, but 
not at the other pixel pitches. We need therefore to revise 
the algorithm for the vicinity of the exact pixel pitch. To 
allow the compromised but the best error function, conver-
gence during 100 iterations is examined. If the error func-
tion cannot update toward the target value during one cycle, 
we repeat the cycle 5 times to check the possibility of a bet-
ter error function and then the minimum value is considered 
as the acquired error function at a certain pixel pitch. The 
error function and reconstruction errors were calculated 
at each pixel pitch according to this procedure. Here, the 
reconstruction error [5] means the percentage difference of 
each modal weight (normalized by the total modal weight) 
or phase (normalized by the total phase) between the gener-
ated and reconstructed beams. The unit of the pixel pitch is 
the micrometer, which is omitted herein for convenience. 
Figure 1(a) shows the calculated error function per pixel 
pitch, and the inset is the generated beam (ρ2

LP01: ρ
2
LP11o: ρ

2
LP11e = 

0.906:0.007:0.087 and φLP01: φLP11o: φLP11e = 0:0.970:0.926, 
where ρ2

j is the modal weight and φj is the relative phase) 
for this simulation. In this simulation study, the pixel pitch 
was varied by 0.001 because the exact value was already 
known, whereas that of a real beam whose exact coordi-
nate was unknown varied by 0.01 to 0.001. At a pixel pitch 
of 0.240, the error function was a minimum of 9.9 × 10–7 
which means that the contributing beam size was 48 µm. 
Here, the target error function of the enhanced SPGD algo-
rithm was set to be 1.0 × 10–6, and the acquired error func-
tion can be smaller if we set the target to a lower value in 
the simulation. 

A deviation in the pixel pitch of 0.001 from the optimum 
degrades the error function by almost one order of mag-
nitude, and a deviation of 0.003 degrades the function by 
two orders of magnitude. The calculation was repeated 10 
times at each pitch, and the maximum errors of the modal 
weight and phase among the eigenmodes are plotted in Fig. 
1(b). Here, ρ2

err and φerr are the errors of the modal weight 
and phase, respectively. As the deviation in the pixel pitch 
from the optimum increases, the reconstruction errors also 
increase within 10%. 

Second, the beam center of the reconstructed beam was 
matched using the generated beam. In this simulation, the 
pixel pitch was set to the optimum. The arbitrary beam 
shape makes it difficult to find the exact beam center, and 
the pointing stability may drift the beam center for vari-
ous beams. Therefore, finding the beam center is essential 
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in a numerical MD. Figure 2 shows the result of the beam 
center scanning. Figures 2(a) (the same as in Fig. 1) and 
(c) (ρ2

LP01: ρ
2
LP11o: ρ

2
LP11e = 0.514:0.396:0.090 and φLP01: φLP11o: 

φLP11e = 0:2.550:–0.256) are the generated beams, and Figs. 
2(b) and 2(d) are the respective 2D mappings of the error 
function for different center offsets. At the matched beam 

FIG. 1. Simulation results of pixel pitch mismatching: (a) the error function and (b) maximum reconstruction errors of modal weight 
and phase per reconstruction of beam pixel pitch. The inset of Fig. 1(a) is the beam used for this simulation.

FIG. 2. Simulation results of beam center mismatching: (a) beam 1 and (c) beam 2 generated, and (b), (d) respective 2D mapping of 
the error function for different center offsets.
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center, the error function is approximately 10–6, but 2.5 pix-
els offset from the beam center degrades the error function 
to 10–4–10–3. We get a worse error function as the offset in-
creases. In most cases, both the pixel pitch and beam center 
should be optimized together, which will be dealt with after 
investigating the cases of a half-pixel offset in detail, and 
noisy beams.

Figure 3 shows the simulation result in which the beam 
center is offset by half a pixel for 20 beams and 20 repeti-
tions each, which is to see the distribution or statistics of 
the results. Figure 3(a) shows an example of the generated 
beam (left-most, ρ2

LP01: ρ
2
LP11o: ρ

2
LP11e = 0.027:0.922:0.051 and 

φLP01: φLP11o: φLP11e = 0:2.940:3.100) and the reconstructed 
beams for the three cases of matched beam center (second), 
half-pixel offset in the x-axis (third), and half-pixel offset 
in the x-axis and y-axis. As expected, a larger offset results 
in a worse error function. The shape similarity is indis-
tinguishable as long as the error function is smaller than 
approximately 10–3 [5]. Although beam center scanning is 
conducted in a pixel-wise manner in a real beam, a half-
pixel offset can occur. The result of Fig. 3 can help assess 
the error function degradation of real beams later. The half-
pixel offset of the beam center for 20 beams and 20 repeti-

tions each was carried out, and the maximum reconstruction 
error distributions of the modal weight and phase per error 
function for the three cases are plotted in Figs. 3(b) and 
3(c). The error function of 10–6 at the beam center degrades 
to 10–5–10–3 at half-pixel offsets, which include the case of 
Figs. 2 and 3(a), and the reconstruction errors of the modal 
weight are below 5%, whereas those of the phase are below 
15%. 

Another factor that hinders an accurate numerical MD of 
a real beam is a noisy beam profile. The beam profile mea-
sured from a CCD mainly includes additive white Gaussian 
noise that comes from thermal and amplifier noise. This is 
signal-independent, of zero-mean, and usually improved by 
low-pass filtering [13–15]. In a real beam MD, Fourier fil-
tering followed by the spatial Fourier transform is applied 
after optimizing the size of the filter. The ratio between 
the total power and filtered power can then be the SNR of 
the image. The SNRs of real beams measured in this work 
ranged from approximately 33 to 35 dB. For the simulation 
of MD for noisy beams, we generated beam images without 
noise, and with an SNR of 50, 40, and 30 dB, as shown in 
Fig. 4(a). Figure 4(a) shows example images with the cor-
responding SNRs, and the results of the MD for 20 beams 

FIG. 3. Simulation results of beam center mismatching by half a pixel: (a) an example of the generated beam (left-most) and the 
reconstructed beams for the three cases of matched beam center (second), half-pixel offset in x-axis (third), and half-pixel offset in 
x- and y-axes (fourth). The maximum reconstruction error distribution of (b) modal weight and (c) phase per error function for the 
three cases (20 beams and 20 repetitions each).



Study on Factors Degrading the Accuracy of Real Beam... - Kyuhong Choi et al. 97

and 10 repetitions for each of the corresponding SNRs are 
summarized in Figs. 4(b) and 4(c). As shown in Fig. 4(b), 
the average error functions for beams with an SNR of 50, 
40, and 30 dB were 6.50 × 10–4, 5.13 × 10–3, and 4.68 × 10–2, 
respectively. We can see that the difference in SNR of 20 
dB degrades the error function by two orders of magnitude. 
It is worth noting that the application of the Fourier filter 
significantly improves the error function, as shown in Fig. 
4(c), and is essential for the noisier beam. The error func-
tion of the beam with an SNR of 30 dB was improved from 
4.68 × 10–2 to 9.25 × 10–4 by using a Fourier filter. 

Figure 5 shows the final simulation result that scans 
both the pixel pitch and beam center for beams with an 
SNR of 30 dB (20 beams and 5 repetitions each). The error 
function distribution is approximately 7–8 × 10–4 and the 
maximum reconstruction errors are below 10%, which are 
oddly better results than the case of an SNR of 30 dB in 
Fig. 4(c). As shown in Fig. 4(c), the pixel pitch and beam 
center were fixed at known values, whereas in Fig. 5, both 
were scanned to find the minimum error function. Owing to 
the randomness of Gaussian noise, the optimum pixel pitch 
and beam center having the minimum error functions are 
not known values. This indicates that the result in Fig. 5 is 
better than that of Fig. 4(c). In all cases, the optimum pixel 
pitches were found to be within 0.240 ± 0.002 and the beam 

center offsets were within ±1/2 pixel. In case of simulation, 
the beam center was offset by half a pixel while it was off-
set by 1-pixel in real beam analysis. 

FIG. 5. Simulation results of scanning the pixel pitch and 
beam center for beams with SNR of 30 dB (20 beams and 5 
repetitions each). 

FIG. 4. Simulation results of MD depending on SNR and Fourier filter: (a) the beam images generated without noise, and with SNR 
of 50, 40, and 30 dB. The maximum reconstruction errors of modal weight and phase for each SNR, reconstructed (b) without and (c) 
with Fourier filter (20 beams and 10 repetitions each). The average error function of each case is denoted in the graph.
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III. ANALYSIS OF THE REAL BEAM

The experimental setup is similar to that in [2]. The po-
larized single-mode beam from a 1064 nm laser diode was 
coupled into a polarization-maintained (PM) large mode 
area (LMA) fiber (20 µm core diameter and 0.06 NA) 
through a micro-mechanical stage. By misaligning the cou-
pling point, multimode beams were excited. The polariza-
tion extinction ratio was increased by placing and aligning 
a polarizer at the output, and the 4-f lens system helped ob-
tain the near-field or far-field image. In this study, only the 
near-field image, i.e., the projection of the output fiber end-
face, was used. 

Similar to the simulation procedure in Fig. 1, the pixel 
pitch of the measured beam, shown in Fig. 6(a), was 
scanned first. In the simulation study of Fig. 1, the pixel 

pitch was varied by 0.001 because the exact value was 
already known, whereas that of a real beam whose exact 
coordinate was unknown varied by 0.01 to 0.001. After 
finding the optimum for both the pixel pitch and the beam 
center, the beam center was fixed in this calculation to de-
termine the individual effect of the pixel pitch mismatch. 
Figure 6(b) shows the result of the error function per pixel 
pitch. At a pixel pitch of 0.246 µm, the error function was 
a minimum of 2.09 × 10–3. The pixel pitch was scanned at 
40 points with steps of 0.004. The tendency of the error 
function variation per pixel pitch is extremely similar to the 
simulation result shown in Fig. 1(a). Figure 6(c) shows the 
reconstruction beams at the selected pixel pitches. Except 
at the optimum value of 0.246, the beam shapes show a dif-
ference from the measured beams. 

Figure 7 shows the result of beam center scanning for 

FIG. 6. Result of pixel pitch matching for the measured beam: (a) an experimentally measured beam profile. (b) Result of pixel 
pitch scanning and (c) example of reconstructed beams at several pixel pitches. The pixel pitch of 0.246 µm shows the minimum 
error function in this beam.

FIG. 7. Result of beam center scanning for the same beam as Fig. 6. (a) Measured beam profile, (b) reconstruction result, and (c) 
error function mapping for 2D center offset.
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the same beam shown in Fig. 6. The measured beam (Fig. 
7(a)), reconstructed beam at the matched beam center (Fig. 
7(b)), and error function mapping for the 2D center offset 
(Fig. 7(c)) are shown. Like the case of Fig. 6, after finding 
the optimum for both the pixel pitch and the beam center, 
the pixel pitch was fixed in this calculation to determine 
the individual effect of the center offset. 10 pixels in the 
x-axis and y-axis around the approximate beam center 
were scanned. At the beam center, the error function was a 
minimum of 2.09 × 10–3 which is the same as the result of 
Fig. 6 and the shape similarity is also indistinguishable in 
this real beam. Like the simulation result in Fig. 2, a larger 
offset results in a worse error function, but the tendency of 
the error function is not circularly symmetric because of the 
nonsymmetric beam shape of the measured beam. Approxi-
mately, 5 pixels offset from the beam center degrades the 
error function from 2.09 × 10–3 to ~2 × 10–2.

Figure 8 shows the comprehensive scanning results of 
both the pixel pitch and beam center for four measured 
beams (five repetitions each). The error function and ab-
solute deviation from the mean of the modal weight and 
phase are plotted for each beam. The insets show four mea-
sured beam profiles. The first beam has an error function of 
0.92 × 10–3 at a pixel pitch of 0.243 and a center offset of (-4, 
-11); the second beam, an error function of 2.09 × 10–3 at 

0.246 and (1, -1); the third beam, 2.10 × 10–3 at 0.248 and 
(0, 0); and the fourth beam, 3.90 × 10–3 at 0.248 and (1, 1), 
respectively. 

Table 1 shows the acquired modal content for the four 
measured beams in Fig. 8. All beams except the first have 
a pixel pitch and beam center within the vicinity of each 
other. Slight deviations may be derived from the noise of 
the beams and possibly from the stability of the LMA fiber, 
but the first beam shows a large center offset. We found 
that fundamental mode-like beams usually have difficulty 
obtaining accurate results, and the errors are occasionally 
relatively larger than the special beam shapes. This may 
be because a symmetric shape makes it difficult to find 
the beam center, and the very low portion of higher-order 
modes in the interference term increases the errors in a nu-
merical MD. It should be noted that the absolute deviation 
from the mean after the repeated calculation is below 1%.

The error functions acquired for the four beams in this 
study are approximately 1–4 × 10–3, which are better than 
those of previous studies [7–11]. This may be attributed to 
the extensive optimization of the beam coordinate and the 
enhanced SPGD algorithm. However, the results of the real 
beams in Fig. 8 are not as good as the simulation results (7–8 × 
10–4) in Fig. 5. Possible factors for the degradation are the 
rough pixel pitch resolution, the possibility of a half-pixel 
offset, nonlinearity of CCD, and additional beam distortion 
owing to the alignment of the optics. The acquired error 
functions of real beams, 1–4 × 10–3, can be used as a target 
error function of the enhanced SPGD algorithm in prac-
tice. However, real beams that include noise and imperfect 
matching of beam size and center may often have compro-
mised error functions depending on specific beam profiles, 
measurement setup, and environmental perturbation. To 
allow the compromised but the best error function just in 
case, we proposed a revised algorithm that examined con-
vergence during 100 iterations. If the error function cannot 
update toward the target value during one cycle, we repeat 
the cycle 5 times to check the possibility of a better error 
function, and then the minimum value is considered as the 
acquired error function.

IV. CONCLUSION

Numerical modal decomposition is becoming an essen-
tial tool in multimode laser applications because it provides 
the most detailed and quantitative information about a 

TABLE 1. The acquired modal weights and phases for four measured beams of Fig. 8

ρ2
LP01 ρ2

LP11o ρ2
LP11e φLP01 φLP11o φLP11e

Beam #1 0.873 0.073 0.054 0 2.352 −1.047
Beam #2 0.631 0.364 0.005 0 1.653 1.402
Beam #3 0.541 0.169 0.290 0 1.735 −1.441
Beam #4 0.378 0.317 0.305 0 1.614 1.569

FIG. 8. Scanning result of the pixel pitch and beam center 
for four measured beams. The error function and absolute 
deviation from the mean of the modal weight and phase are 
plotted for each beam.
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beam. To further advance the modal decomposition of real 
beams, the factors hindering the accuracy need to be under-
stood. For this purpose, we thoroughly studied the impact 
of the beam size mismatch, beam center mismatch, and sig-
nal-to-noise ratio of images with simulated and measured 
beams. By scanning the optimum pixel pitch and beam cen-
ter in noisy beams, we obtain the error functions 1–4 × 10–3 
for real beams. Once the coordinate system of the measured 
and reconstructed beams are matched, the following beams 
do not need to repeat the same procedure as long as the set-
up is not changed. A comprehensive study on proliferating 
a real beam modal decomposition will continue to speed up 
the calculation and self-optimize the system. 
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