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Abstract: The Vertical Cavity Surface-Emitting Laser (VCSEL) has led to the rapid development of
advanced fields such as communication, optical sensing, smart cars, and more. The accurate testing
of VCSEL beam quality is an important prerequisite for its effective application. In this paper, a
method for measuring the divergence angle of the VCSEL far field spot based on transmissive Fourier
ptychography is proposed. First, a single CCD multi-angle VCSEL far-field spot acquisition system
is designed. Second, based on the proposed Fourier ptychographic algorithm with synchronous
optimization of embedded optical transfer function, a resolution-enhanced phase image of the spot
is reconstructed and the boundary extracted by the Sobel operator of the phase image is defined as
the boundary position of the beam waist. In this way, the beam waist radius of the laser beam is
calculated. Finally, the divergence angle of the laser beam is measured via the radius of the beam
waist. Compared with the traditional Gaussian beam definition method, the method proposed in this
paper has higher accuracy in divergence angle measurement. The experimental results show that this
method can improve the divergence angle measurement accuracy by up to 9.7%.

Keywords: phase retrieval; fourier optics; beam quality; vertical cavity surface-emitting laser

1. Introduction

The Vertical Cavity Surface-Emitting Laser (VCSEL) is a semiconductor laser devel-
oped based on GaAs semiconductor materials. By arranging individual VCSEL chips in a
two-dimensional array of emitting units, high-power light beam emission is achieved. This
technology possesses the advantages of coherence in semiconductor laser light sources,
low energy consumption, and long lifespan. Moreover, the VCSEL itself is characterized
by its small and symmetric beam divergence angle, ease of coupling, and low threshold
current [1,2]. VCSEL chips are widely used in many fields, such as short-distance and
long-distance fiber communication, 3D sensing, and laser illumination; nowadays they
have even driven recent evolution in solid-state lidar [3–5]. In recent years, laser technology
has found numerous applications in garment design and manufacturing, including cutting
garment patterns [6], creating tie designs [7,8], conducting 3D body scanning [9,10], denim
fading [11], and leather engraving [12]. Beam quality is an important parameter for evalu-
ating laser performance, and must be tested after VCSEL production. The accuracy of beam
quality measurement directly affects the application of VCSEL in these multiple fields.

Currently, common beam quality evaluation indicators mainly include the far-field
divergence angle, power in the bucket (PIB) [13–15], Gaussian content, M2 factor [16,17],
and beam parameter product. Among these, the far-field divergence angle and M2 factor are
the most commonly used beam quality evaluation parameters. The M2 factor determines
the focusing ability of the laser beam; the closer the value of M2 is to 1, the better the focusing
ability of the beam and the more stable it is in practical applications. The measurement
of the M2 factor requires the far-field divergence angle. The smaller the divergence angle
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of the Gaussian beam, the greater the utilization of laser energy, which can make the
beam more directional and intense, reduce the requirements for input power and receiving
sensitivity, and have a significant effect on the applications of lidar and long-distance
communication. Measurement of the far-field divergence angle can be achieved through
beam analyzers, knife-edge methods, CCD, etc. While beam analyzers can directly and
accurately measure the beam quality, their complex implementation conditions make it
difficult to measure large numbers of chips [18]. The knife-edge method measures the
energy integral distribution of the beam spot to measure the beam divergence angle, which
is not constrained by the waist position of the beam; however, its accuracy is not as high as
other methods, and the measurement error is large [19]. Directly using CCD to measure
the far-field divergence angle of the beam has the problem of fixed energy threshold biases,
which can affect the accurate estimation of the final angle [20].

Although existing research has made great contributions to the methods and accuracy
of beam quality measurement, there are a number of problems. In 2008, Sheldakova et al.
proposed using Hartmann wavefront sensors to measure the wavefront of the beam and
obtain the quality factor (M2) of the beam through one measurement [18]. In 2012, Schulze
et al. used spatial light modulators to measure beam quality and eliminated the need for
scanning a large number of datapoints in the projection direction [21]. In 2017, Pan et al.
proposed a real-time complex amplitude reconstruction method based on the intensity
propagation equation to calculate beam quality and compared the experimental results
with the standard values of the laser, proving the reliability of their method [22]. However,
the measured beam modes were limited to single-mode beams, an approach that is not
reliable for measuring the non-standard beams emitted by VCSELs. In 2020, Du et al. used
the ptychographic algorithm to collect the pattern of supercontinuum lasers and calculate
the beam quality of the laser; however, the calculation complexity of this approach is high,
and further optimization of the algorithm and process is needed [23]. In 2022, Kang et al.
used two cameras to measure the spot size of multiple wavelengths of the supercontinuum
transmitted after a certain distance; the spot was indirectly measured on a diffuse plate,
which may lead to measurement errors [24].

To address the above issues, the present paper proposes a VCSEL beam far-field
divergence angle measurement method based on Fourier Ptychography (FP) imaging
technology. Fourier Ptychography is a super-resolution imaging technology [25] which
iterates the collected images in the spatial and Fourier domains by capturing intensity
images of the sample at multiple illumination angles, then reconstructs a high-resolution
sample image. The FP algorithm is a phase recovery algorithm, which uses the spatial
and frequency domains to fuse multiple small-aperture images into a large-aperture high-
resolution image. In this way, it is possible to recover the phase information of the target
sample. The beam spot formed by VCSEL on the CCD plane has a phase difference, and
the edge area of the beam spot is essentially not part of the beam, with the energy and
phase significantly decreasing. Therefore, the edge area needs to be removed, with only the
central beam spot area retained to obtain the effective beam spot area. Moreover, VCSEL
forms a far-field spot on the CCD plane through the focusing lens on the chip, meaning
that the image formed is after Fraunhofer diffraction and can be viewed as a Fourier
plane, which is an important prerequisite for the FP algorithm. Therefore, the phase image
generated via FP can be used as a basis for defining the beam diameter. The FP technique
includes data acquisition and high-resolution image reconstruction. First, multiple far-field
beam spot images of VCSEL chips are directly acquired at different positions using a CCD.
Second, the FP algorithm is used to process the far-field beam spot images from multiple
positions, recover the phase of the far-field beam spot image, and define and measure the
beam waist region by using the Sobel operator to extract the effective phase boundary.
Finally, the far-field divergence angle of the beam emitted by the VCSEL is calculated.
Experimental results show that the measurement error of the algorithm for measuring the
far-field divergence angle of the beam through CCD is reduced by a maximum of 9.7%
compared with traditional algorithms.
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2. Method
2.1. CCD Imaging Measurement Method for VCSEL Beam Divergence Angle

As shown in Figure 1a, a VCSEL is typically available in the form of a multi-cell
package, which increases its output power. The near-field spot of the VCSEL array reflects
whether there are any damaged cells in the package. Each cell emits a Gaussian-like beam
with a certain divergence angle, which propagates in space until it overlaps exactly to
form a far-field spot. The propagation path of a standard Gaussian beam [26] is shown in
Figure 1b. For a standard Gaussian beam, the divergence angle at the waist position ω0,
i.e., the focus position, is the radiusω of the waist position divided by the differential of
the depth z, and can also be expressed as θ = λ/(πω0). The beam emitted by the VCSEL
is a circular spot with a central intensity lower than that of the surrounding area, similar
in form to a standard Gaussian beam. In practice, the intensity at the center of the spot
formed by the emitted VCSEL beam is reduced, and the most commonly used method
to measure the divergence angle of the spot is to calculate the spot size using a CCD
and then use the spot at the waist position to calculate the divergence angle [18]. The
recording device for measuring the spot using the CCD imaging method is commonly a
diffuse reflector plate, which is used as an intermediate medium for laser projection, after
which the spot projection on the diffuse reflector plate is recorded by the CCD through
the objective lens. Alternatively, the spot can be directly recorded via CCD. The schematic
diagram of the device for recording the spot directly via CCD is shown in Figure 2. The
specific implementation method is to adjust the distance d between the VCSEL and CCD
and set the step size s for each adjustment while recording the spot pattern on the CCD
for each adjustment. The circle is extracted using the Sobel operator from the part of the
image with pixel values greater than zero, and the radius of the circle is calculated in the
connected domain. After each step of movement, the radius of the circle extracted using
the Sobel operator is compared; because the spot size is smallest at the focusing of the laser
beam, the spot at the waist position can be identified when the radius is the smallest. Then,
the waist radius r of the beam is defined by a specific segmentation method, and finally the
divergence angle is obtained as twice the inverse tangent value of r and d.
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Figure 1. (a) The propagation of the VCSEL beam and (b) the standard Gaussian beam.

Traditional methods of capturing the far-field image of laser beams using CCDs have
been based on defining the effective diameter of the beam using the 1/e2, D4σ, and full
width at half maximum (FWHM) methods based on Gaussian beam definitions [16,27].
These methods are feasible and efficient for standard Gaussian beams, i.e., TEM00 basic
transverse mode Gaussian beams. However, for non-ideal higher-order transverse mode
Gaussian beams, such as the “doughnut mode” resulting from the superposition of TEM10
and TEM01 modes emitted by certain VCSELs. These methods cannot fully represent the
effective range of the beam or accurately calculate its divergence angle. For example, when
using the 1/e2 segmentation method according to the ISO 11146 standard to calculate the
beam divergence angle with a CCD, it is necessary to preprocess the baseline noise caused
by unavoidable noise sources such as dark current noise and scattered particle noise during
the operation of the image sensor [28]. In addition, the calculation area for the divergence
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angle needs to be at least three times the diameter of the beam [27]. The 1/e2 method
defines the beam width as the distance between the rising and falling intensities of the
beam distribution curve, typically in the X and Y directions, i.e., between the 1/e2 points
of the peak intensity. However, even after preprocessing external noise there is remains
the problem of inaccurate measurement angles due to CCD noise and crosstalk [29,30],
even when measured according to ISO standards. Similarly, the FWHM waist width
definition method sets the part of the beam intensity higher than 50% as the effective area
and multiplies it by a factor of 1.69 to obtain the equivalent beam size when calculating
the doughnut-shaped beam of the VCSEL [31]. This method shares the same problem of
inaccurate waist width definition as the 1/e2 method.

Photonics 2023, 10, x FOR PEER REVIEW 4 of 13 
 

 

using the 1/e2 segmentation method according to the ISO 11146 standard to calculate the 
beam divergence angle with a CCD, it is necessary to preprocess the baseline noise caused 
by unavoidable noise sources such as dark current noise and scattered particle noise dur-
ing the operation of the image sensor [28]. In addition, the calculation area for the diver-
gence angle needs to be at least three times the diameter of the beam [27]. The 1/e2 method 
defines the beam width as the distance between the rising and falling intensities of the 
beam distribution curve, typically in the X and Y directions, i.e., between the 1/e2 points 
of the peak intensity. However, even after preprocessing external noise there is remains 
the problem of inaccurate measurement angles due to CCD noise and crosstalk [29,30], 
even when measured according to ISO standards. Similarly, the FWHM waist width def-
inition method sets the part of the beam intensity higher than 50% as the effective area 
and multiplies it by a factor of 1.69 to obtain the equivalent beam size when calculating 
the doughnut-shaped beam of the VCSEL [31]. This method shares the same problem of 
inaccurate waist width definition as the 1/e2 method. 

 
Figure 2. Schematic diagram of the capturing setup. 

2.2. Fourier Ptychographic Capturing Method and Algorithm 
In this section, we introduce the use of the FP algorithm to recover the phase of the 

target beam and measure the divergence angle of the beam. To implement the phase re-
covery of the beam image using the FP algorithm, it is necessary to capture the beam im-
ages formed on the CCD at multiple angles. The specific method is to slightly move the 
position of the VCSEL chip, as shown by the side arrows on the X-Y platform in Figure 2. 
This movement strategy is the same as the updating method of the FP algorithm, moving 
clockwise or counterclockwise from the center to the periphery to a certain extent, thereby 
ensuring the convergence of the algorithm. After each movement, the intensity of the 
beam image formed on the CCD is recorded as Ix,y, where x and y represent the horizontal 
distance from the center of the CCD and the angle θ formed between x and the CCD re-
cording plane in the x direction is the arctangent function of x/h, where h is the beam waist 
height. The same applies to the y direction. According to Fraunhofer diffraction law, the 
CCD recording plane is the Fourier plane of the far-field beam; thus, the beam image can 
be expressed as follows: 

}{ 2

, ( ( )x yI O k k C kθ= −   (1) 

where O is the spatial spectrum of the beam spot, C̃(k) is the coherent transfer function, kθ 

is the wavenumber of Ix,y corresponding to the angle θ, which is 2π·sinθ/λ, and λ is the 
wavelength of the VCSEL beam. 

Figure 2. Schematic diagram of the capturing setup.

2.2. Fourier Ptychographic Capturing Method and Algorithm

In this section, we introduce the use of the FP algorithm to recover the phase of the
target beam and measure the divergence angle of the beam. To implement the phase
recovery of the beam image using the FP algorithm, it is necessary to capture the beam
images formed on the CCD at multiple angles. The specific method is to slightly move the
position of the VCSEL chip, as shown by the side arrows on the X-Y platform in Figure 2.
This movement strategy is the same as the updating method of the FP algorithm, moving
clockwise or counterclockwise from the center to the periphery to a certain extent, thereby
ensuring the convergence of the algorithm. After each movement, the intensity of the
beam image formed on the CCD is recorded as Ix,y, where x and y represent the horizontal
distance from the center of the CCD and the angle θ formed between x and the CCD
recording plane in the x direction is the arctangent function of x/h, where h is the beam
waist height. The same applies to the y direction. According to Fraunhofer diffraction law,
the CCD recording plane is the Fourier plane of the far-field beam; thus, the beam image
can be expressed as follows:

Ix,y =
∣∣∣F{O(k− kθ} ·C̃(k)

∣∣∣2 (1)

where O is the spatial spectrum of the beam spot, C̃(k) is the coherent transfer function, kθ

is the wavenumber of Ix,y corresponding to the angle θ, which is 2π·sinθ/λ, and λ is the
wavelength of the VCSEL beam.

After multi-angles spot images have been acquired, FP algorithm reconstruction can
be performed. The FP algorithm is straightforward: first, initialize a high-resolution spatial
frequency spectrum O, which can be a random phase image or an image with constant
values. Then, transform the initialized high-resolution image to the frequency domain
using Fourier transform. Second, take a subregion Φ̃u,v from Φ̃ and perform the inverse
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Fourier transform on Φ̃u,v to obtain Φu,v in the spatial domain. Third, perform phase
recovery iteration on the Φu,v region, for which the most commonly used algorithms are
the Gerchberg and Fienup [32] phase recovery algorithms. In this paper, the Gerchberg–
Saxton (GS) algorithm is used. In the tth iteration, the amplitude of Φu,v

t is updated to
the measured value, with the following intensity constraint used to ensure that the phase
is unchanged.

Φt+1
u,v =

√
Ix,y

Φt
u,v∣∣Φt
u,v
∣∣ (2)

After updating Φu,v
t+1 via inverse Fourier transform, it is further transformed to the

frequency domain Φ̃
t+1
u,v and then updated to the high-resolution frequency domain Φ̃. In

order to improve the accuracy of phase recovery and reduce the influence of crosstalk
and other factors, this paper uses a transmission function synchronization update strat-
egy [33,34], i.e., updating the transmission function while updating the spectrum to enhance
the algorithm’s robustness against noise. The update method initializes the coherent trans-
fer function to 1 and updates the transfer function using a step size equal to the product of
the difference between the pre- and post-update spectrum Φ̃u,v and the transfer function.
The update strategy for the transfer function is similar:

Φ̃
t+1

= Φ̃
t
+ α

C̃t∗∣∣∣C̃t
∣∣∣2
max

·[Φ̃t+1
u,v − Φ̃

t
u,v] (3)

C̃t+1 = C̃t + β
Φ̃

(t+1)∗∣∣∣Φ̃(t+1)
∣∣∣2
max

·[Φ̃t+1
u,v − Φ̃

t
u,v] (4)

where * represents taking the complex conjugate, α and β are constraint parameters to
prevent the function values from overflowing, and the constants α and β adjust the step
size of the update and the step size of the transfer function, respectively, normally setting
them all as 1. At this point, the fourth step is to perform iteration on all subregions. Fifth,
repeat the second to fourth steps until the phase of the high-resolution reconstructed image
converges. Due to the constraint conditions provided by multiple spot images, often only
5–10 iterations are required, significantly reducing the number of iterations compared to
traditional phase recovery algorithms. As shown in Figure 3, the phase error is defined
as the difference between the reconstructed phase result for each iteration and the set
phase threshold value decreases to the lowest level after five iterations, indicating the
convergence of the phase. Therefore, the number of iterations can be set to 5–10 for full
convergence. Finally, the phase result is output. The corresponding algorithm flowchart is
shown in Figure 4.
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Compared with the complex texture structure of cells in Fourier microscopy imaging,
the features occupied by spots are greatly reduced. Therefore, unlike the general FP algo-
rithm, which requires a large number of low-resolution images to complete high-resolution
reconstruction, the FP reconstruction algorithm for VCSEL chip beam spots presented
in this paper only requires a small number of spot images. When the FP reconstruction
result already satisfies the requirement for positioning the beam waist of the spot, the
number of spot acquisitions has met the demand. Figure 5 shows FP phase recovery with
different amounts of collected data. The innermost phase defines the size of the beam spot.
Figure 5a shows reconstruction using only one spot image with the traditional GS phase
recovery algorithm; it can be seen that the recovered phase is incomplete. By measuring
the effective area of the spot corresponding to the recovered phase, the beam waist radius
size is determined to be 12.636 mm. Figure 5b uses 3 × 3 collected spot images for re-
construction; the measured beam waist radius size based on the effective area of the spot
corresponding to the recovered phase is 12.986 mm. Figure 5c increases the number of
collected spot images to 7 × 7 for reconstruction. The measured beam waist radius size
is 12.988 mm, which is essentially consistent with the 3 × 3 result, with an error within a
single pixel size, indicating that the reconstruction results of 3 × 3 and 7 × 7 spot images
are equivalent. Therefore, this system only needs to collect 3 × 3 spot images to achieve
accurate definition of the beam spot size. Using more data for reconstruction only increases
computational complexity and cannot obtain more accurate results. At the same time,
these results demonstrate that the FP reconstruction results are more accurate than those
obtained using the GS algorithm alone.
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As shown in Figure 6, a comparison of image regions is made between the method
of defining spot size using 1/e2 and the FP-based method proposed in this paper. The
FP-based phase recovery method can more accurately locate the position of the spot, while
the 1/e2 method has shortcomings such as locating the beam waist position outside the
spot region. Therefore, using the FP phase recovery method proposed in this paper to
define the beam divergence angle is more accurate.
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3. FP Beam Divergence Angle Measurement System

The FP beam divergence angle measurement system mainly includes a stepper motor
system, a power meter system, a CCD camera system, and a computer control end, as
shown in Figure 7. The stepper motor system has a stepping accuracy of 1 um and the
CCD camera uses a large-sized CCD, the model of which is the B6620 industrial camera
produced by IMPERX. The pixel count is 6600 × 4400 and the single pixel size is 5.5 µm.
The specific parameters and experimental system setup are shown in Table 1.

In the experiment, the measured VCSEL is located at the center of the CCD. The source
table system applies a pulsed current to the vertical stepper motor through a probe and
the bottom X-Y platform to adjust the up and down positions of the stepper motor in
order to adjust the brightness and size of the spot observed on the CCD. Using the method
of locating the smallest spot described in Section 2.1 with the CCD camera method for
measuring the VCSEL beam divergence angle, the results collected by the camera after each
step are extracted by using the Sobel operator to form a circle, then the diameters of all
circles are compared to find the camera axial position with the smallest circular area, which
indicates that the beam waist position has been located. It should be noted that the VCSEL
has high optical power. Directly acquiring spot information through the CCD may cause
overexposure of the CCD, and the collected spots may be non-uniform, which may damage
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the CCD components [35]. Therefore, an attenuator is placed between the CCD and the
VCSEL to reduce the light intensity passing through the CCD and to make the collected
spots uniformly distributed on the CCD. After the center position spot is collected, the X-Y
platform is slightly moved, and the power is reconnected to collect the spot image again
until all the required spot images have been collected.
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Table 1. Parameters of the CCD.

Parameter Value

Resolution 6600 (H) × 4400 (V)
Pixel size 5.5 µm
CCD size 36.17 mm (H) × 24.11 mm (V)

Gain 0–36 dB
Minimum S/N Ratio 60 dB

Output Format Mono8-14 bit, Color8-12 bit
Operating temperature −40–85 ◦C

4. Experimental Results and Analysis

In the experiment, a VCSEL chip with gallium arsenide as the semiconductor material
was used. The wavelength was 940 nm, and it contained a total of 305 emitting units. The
size of a single VCSEL was measured microscopically to be 620 × 505 µm. Two VCSELs
were used in the experiment for spot collection, one of which was a standard VCSEL with
a rated power of 2 W and a standard divergence angle of 18◦ (based on manufacturer’s
specifications and measured via precision beam quality analyzer by the manufacturer),
while the other was a defective VCSEL with weaker parameters and beam quality than
the standard VCSEL. The experimental steps for the two VCSELs were the same. The
beam waist position was first located by applying a 2A pulsed current to the VCSEL, then
the vertical position of the camera was adjusted to confirm the beam waist position at a
distance of 25.5 mm from the imaging surface of the CCD. Spot data were collected on this
plane. Data collection was performed in a darkroom; ideally, the pixel value of the CCD
in this situation should be zero without a light source. However, due to the CCD noise
problem mentioned above a denoising step was performed first. Before measuring the
spot, optical imaging was performed, in which a small number of white speckle areas were
observed in the field of view. Based on the bandpass filtering and sampling principle, an
active bandpass filter with an adjustable center frequency was used to suppress broadband
white noise to finally remove the CCD noise [36]. Five sets of spot data were collected for
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each VCSEL chip, with each set consisting of 3 × 3 spot images collected relative to the
CCD center. Each time a spot image was collected, the VCSEL was moved by 4 µm.

After collecting five sets of spot data for each VCSEL chip, the divergence angle was
measured using the 1/e2 definition method for the fifth spot image in each set, which was
the spot image at the center of the CCD. At the same time, the FP-based phase recovery
algorithm was used to process all nine spot images in each set in order to generate a
recovered phase image; the divergence angle was measured as well. After determining
the beam width using both methods, the calculation method for the divergence angle was
almost the same, i.e., the number of pixels included in the determined beam width was
multiplied by the pixel size. Because the size of the phase image reconstructed by FP
was twice that of the original image, the pixel size was half the CCD size. The half of
the beam width was then divided by the height d between the CCD and VCSEL and the
arctangent value of this quotient was taken to obtain the divergence angle. Figure 8a,b
shows microscopic images of each chip, (c) and (d) show the part of the image containing
the spot collected in the fifth set of the first group for (a) and (b), respectively, and (e) and
(f) show the results of the first group of FP phase recovery for each chip. As the difference
in the definition of the beam size between the two cannot be directly distinguished from
the images alone, the actual measured data for the two are analyzed and calculated below.
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When using a standard VCSEL for the experiment, as shown in Figure 9a and Table 2,
the measured value of the beam divergence angle obtained using the FP-based method to
determine the waist width of the beam (Figure 8a) differs from the standard value by a
maximum of only 1.14◦. When using the 1/e2 method to determine the waist width, the
measurement result differs from the standard value by up to 2.24◦, which is higher than
the measurement result obtained using the method proposed in this paper. Compared
with the standard value, the accuracy of the FP beam divergence angle measurement
method is 9.7% higher than that of the 1/e2 method, which is consistent with the result in
Figure 5. When using the FWHM method to measure the divergence angle, the accuracy
is lower than that of the FP-based method when applied to non-standard Gaussian beam
spots formed by VCSEL, as shown in Table 2. The FWHM method cannot represent the
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true divergence angle of the beam, and its error is 30.6% higher than that of the FP beam
divergence angle measurement method. In the experiment using the defective VCSEL, as
shown in Figure 8b, the lower right part of the chip has been damaged, and should be
excluded during optical detection. For VCSELs, the focusability is partially determined by
the divergence angle, which means that VCSELs with better performance are certain to have
smaller angles and those with worse performance are usually damaged or manufactured
defectively. Thus, this study is used to verify whether the proposed method can distinguish
between the divergence angles of defective and standard VCSELs. In Table 3 and Figure 9b,
the divergence angles calculated using the 1/e2, FWHM, and FP methods are all higher
than the standard VCSEL’s divergence angle, indicating that the FP method has a certain
detection capability for the chip’s divergence angle. At the same time, each chip underwent
a total of five repeated tests, and the variance showed that the FP-based measurement
method has a certain stability.
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Figure 9. Divergence angle measurement line charts, showing (a) VCSEL1 and (b) VCSEL2 via three
measurement standards.

Table 2. The divergence angle measurements with standard VCSEL via three measurement standards.

Method
Group

Mean Variance1 2 3 4 5

1/e2 20.24◦ 19.94◦ 20.00◦ 20.14◦ 19.95◦ 20.05◦ 0.0172
FWHM 24.57◦ 24.65◦ 24.37◦ 24.78◦ 24.63◦ 24.60◦ 0.2199

FP 18.94◦ 19.01◦ 19.14◦ 19.07◦ 19.12◦ 19.09◦ 0.0067

Table 3. The divergence angle measurement with impaired VCSEL via three measurement standards.

Method
Group

Mean Variance1 2 3 4 5

1/e2 20.37◦ 20.42◦ 20.49◦ 20.42◦ 20.44◦ 20.43◦ 0.0019
FWHM 25.07◦ 25.17◦ 25.15◦ 25.21◦ 25.13◦ 25.15◦ 0.0025

FP 19.42◦ 19.40◦ 19.35◦ 19.47◦ 19.35◦ 19.40◦ 0.0029

5. Conclusions

In response to the problem of low measurement accuracy in measuring the far-field
divergence angle of a beam using the current 1/e2 waist width definition method due to
the influence of CCD crosstalk, this paper proposes a method for measuring the beam
divergence angle based on FP phase recovery algorithm. Based on the characteristics of the
FP algorithm, which can restore high-resolution images and phases from multiple images



Photonics 2023, 10, 777 11 of 13

taken from different angles, this paper applies the FP algorithm to measure the beam
divergence angle. The VCSEL was moved multiple times to capture far-field beam images,
then the phase of the beam was restored using the FP algorithm. The edge information of
the reconstructed phase image is extracted based on the Sobel operator in order to define
the beam waist width more accurately, which reduces the crosstalk of both the CCD itself
and the divergence of the VCSEL beam and more accurately measures the beam divergence
angle. Our experimental results demonstrate that the FP algorithm has higher accuracy
and better repeatability than the traditional 1/e2 method for calculating the divergence
angle of VCSEL far-field beams, with the accuracy being improved by 9.7% compared
to the traditional method. The proposed method has good performance for measuring
beam quality, and can obtain accurate results without using more precise beam quality
analysis instruments.

While the proposed method for measuring the beam divergence angle based on the
FP phase recovery algorithm shows promising results and improvements over the tradi-
tional 1/e2 waist width definition method, it is important to discuss its limitations and
potential future directions for further development. One limitation of the proposed method
is its dependency on VCSEL movement. To capture far-field beam images from different
angles, the VCSEL needs to be moved multiple times. This introduces the possibility of
errors and limitations due to mechanical vibrations or misalignments during the move-
ment process. These factors can result in inaccuracies in the measured divergence angle.
Another limitation is the sensitivity of the FP algorithm to noise. While the algorithm
is capable of restoring high-resolution images and phases, it may be sensitive to noise
present in the captured images. If the noise level is significant, especially in low-light
or high-contrast scenarios, the accuracy of the divergence angle measurement could be
compromised. To overcome these limitations and further develop the proposed method,
several potential future directions can be explored. First, research efforts can focus on
developing robust noise reduction techniques. Advanced denoising algorithms, adaptive
filtering methods, or image enhancement techniques tailored specifically for the FP phase
recovery process could improve accuracy in the presence of noise. In addition, calibration
and stabilization mechanisms can be investigated to mitigate the limitations associated with
VCSEL movement. Precise calibration and stabilization would ensure accurate alignment
and minimize vibrations or misalignments during the capturing process, leading to more
reliable measurements.
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