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 Daylight electroluminescence (dEL) inspection using InGaAs cameras has proven to be a powerful technique for 

assessing the condition of photovoltaic (PV) modules in the field. Recent advancements have shown it suitable for 

quality control and evaluation tasks in large-scale solar installations. The quality of dEL images is crucial for accurately 

identifying potential defects. Therefore, it is important to determine which camera optical stack yields stronger signals 

in dEL imaging. Camera optical stacks typically include specialized short-wave infrared (SWIR) lenses and bandpass 

filters to reduce background sunlight. To further limit the light intensity reaching the sensor and prevent saturation, 

options include adjusting the lens iris, using neutral density (ND) filters, or reducing exposure time. The choice among 

these depends on system constraints. Even though reducing exposure time is the easiest way to accomplish no 

saturation, high exposure time reduces noise, so ND filters and the iris are interesting options independent of the 

camera’s internal controller. This study compares the light intensity reduction methods between ND filters and iris 

providing higher EL and dEL image quality using signal-to-noise ratio (SNR) as metric. Two SNR metrics (SNRkari 

and SNR(25)) are used to evaluate the configurations. We compare two setups: one using a C-RED 3 InGaAs camera 

with a SWIR lens (F-stop range 1.4–16) and a bandpass filter, and another using the same camera and lens fixed at F-

stop 1.4 (fully open) combined with ND filters of varying transmittance (0.73 to 0.02). Indoor EL data is used to 

characterize light attenuation for each configuration. Subsequently, dEL images are captured under 600-800 W/m² 

irradiance for both setups. The results show that using the iris to reduce light intensity yields higher image quality. This 

is attributed to the increased depth of field resulting from a smaller optical aperture, which enhances the focus range 

and sharpness of the captured images. In conclusion, the study demonstrates that using a lens with an adjustable iris is 

more effective for dEL imaging with InGaAs cameras. This finding is valuable for optimizing optical setups to achieve 

high-SNR images in PV module inspections. 
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1 INTRODUCTION 

 

 Photovoltaic (PV) module inspection is a critical task 

for ensuring the reliability and performance of PV solar 

energy systems [1,2]. Among the various diagnostic 

techniques available, daylight electroluminescence (dEL) 

imaging has emerged as a powerful method for detecting 

defects in PV modules under real-world operating 

conditions [3-8]. Unlike traditional electroluminescence 

(EL) imaging, which is typically performed indoors, dEL 

enables on-site inspection without the need for controlled 

lighting environments, making it highly suitable for large-

scale solar installations. 

 The use of InGaAs cameras in dEL imaging has 

significantly enhanced the ability to capture high-quality 

images in the short-wave infrared (SWIR) spectrum [9-

11]. However, achieving optimal image quality in daylight 

conditions remains a challenge, mainly due to the high 

noise caused by the ambient sunlight and the risk of sensor 

saturation, since sunlight intensity can be several orders of 

magnitude higher than EL intensity. Regarding the 

saturation problem, various optical components are 

employed to control the light intensity reaching the camera 

sensor, including neutral density (ND) filters, lens iris 

adjustments, and exposure time settings [10, 12]. 

 Despite the reported use of these components, there is 

limited consensus on the most effective configuration for 

maximizing image quality while minimizing saturation. 

Reduced exposure time of the camera can solve directly 

this problem; however, using  large exposure times can 

reduce certain types of CCD sensor noise [13]. In 

particular, read out noise is not increased with exposure 

time [13].  For these reasons, studying the efficacy of ND 

filters versus lens iris adjustments in reducing light 

intensity and enhancing image quality is of interest for EL 

and dEL in PV inspections. This issue has not been 

thoroughly investigated, thats why this study addresses 

this gap by evaluating the performance of these two 

approaches using signal-to-noise ratio (SNR) metrics 

(SNR(25) and SNRkari) as indicators of image quality [11]. 

 We evaluate the efficacy of ND filters and iris through 

a series of controlled indoor and outdoor experiments 

using a C-RED 3 InGaAs camera equipped with a SWIR 

lens and a bandpass filter. We use the previously described 

asynchronous method [9,11] with a fixed frequency and 

injection current to have comparable images. We analyze 

the impact of varying F-stop and ND filter transmittance 

levels on image quality and defect visibility. While, in 

general, all results obtained show sufficiently visible 

details there are clear differences between both setups.  

 The data presented consists in indoor and outdoor EL. 

We then analyze the experimental intensity reduction 

based on the indoor EL data. Even though iris steps are 

measured in F-stops, we can approximate each F-stop to a 

transmittance value to compare the two in terms of 

transmittance. Then, we present how the intensity 

attenuation works for indoor EL. Next, we calculate SNR 

values for EL and dEL providing an experimental insight 

on the quality of the images. Finally, ray tracing 

simulations provide deeper insight into the quality of each 

setup, rather than offering only a qualitative assessment of 

both setups. 
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2 EXPERIMENTAL DESCRIPTION 

 

 This study aims to evaluate the effectiveness of two 

optical configurations — lens iris adjustment and ND 

filters — in reducing sensor saturation and improving 

image quality in dEL imaging of PV modules. The 

methodology consists of indoor EL and outdoor dEL 

experiments conducted with a controlled optical setup, 

followed by dEL image processing and quality assessment 

using two metrics: SNR₍₂₅₎ and SNRₖₐᵣᵢ [11]. 

 

2.1 Optical Setup 

 The experimental procedure began with the 

characterization of ND filters. A spectral measurement in 

the 900–1500 nm range was performed to determine the 

transmittance percentage of each ND filter. 

 ND filter transmittance values were obtained from 

manufacturer data, while equivalent transmittance values 

for the iris were calculated based on the F-stop formula. 

Since each F-stop increment halves the aperture area, it 

was assumed that the light intensity reaching the sensor is 

also halved. Two optical configurations were tested: 

 

a) Iris-based setup: The lens aperture varied using 

F-stop values of 1.4, 2.0, 2.8, 4, 8, and 16. The 

corresponding equivalent transmittance values, 

calculated from the F-stop relationship, were 1.00 

t, 0.50 t, 0.25 t, 0.13 t, 0.03 t, and 0.01 t, 

respectively. These values served as reference 

transmittances. 

b) ND filter-based setup: A fixed F-stop of 1.4 (fully 

open) was used in combination with ND filters 

with transmittance values of 0.73, 0.51, 0.20, and 

0.15. Although spectral characterization revealed 

slight deviations from these values, those 

provided by the manufacturer datasheets were 

used for consistency. To explore a broader range 

of attenuation, combinations of two filters were 

also tested, resulting in additional transmittance 

values of 0.37, 0.152, and 0.02. 

 EL and dEL measurements were carried out using a C-

RED 3 InGaAs camera with a resolution of 640 × 512 

pixels, a pixel pitch of 15 × 15 μm, 14-bit quantization, a 

16-bit dynamic range, and a maximum frame rate of 600 

fps. The camera was equipped with a Kowa LM25HC-SW 

25 mm SWIR lens and a bandpass filter centered at 1150 

nm with a 50 nm full width at half maximum (FWHM). 

 

2.2 Indoor EL and dEL measurements 

 Indoor EL images were captured to characterize the 

light attenuation properties of each optical configuration, 

obtaining a low-noise reference image which has been 

used to establish a reference SNR value. Although 

obtaining high-signal EL images was not necessary, the 

data were processed using the asynchronous image 

processing method to ensure consistent noise treatment 

across indoor EL and outdoor dEL measurements. This 

approach is essential for obtaining the SNR₍₂₅₎ metric, 

which is defined within the asynchronous processing 

framework. 

 The modulation parameters included a modulated 

current forming a square wave with a frequency of 6.25 Hz 

and an amplitude of 9.85 A, with the camera operating at 

50 fps. Three exposure times (1, 2 and 3 ms) were tested 

to ensure sufficient signal, particularly under high-

attenuation conditions. 

 Daylight EL images were acquired under medium 

irradiance conditions (600–800 W/m²) using the same 

modulated dEL technique. Exposure times of 1, 2 and 3 

ms were also used to assess the impact of light reduction 

on image quality. 

 

2.3 Image Processing 

 Image processing was performed using the 

asynchronous dEL processing algorithm defined in [11]. 

This method is designed to suppress noise and obtain a de-

noised image. The number of sample images used to 

generate the final processed image was kept constant 

across all experiments to ensure comparability. 

 

2.4 Image Quality Assessment 

 Image quality was quantified using two signal-to-

noise ratio metrics: SNR(25) and SNRkari. 

a) as defined in [11], and SNR(25) value of above 10 

is considered to be that of a high-quality image. 

b) SNRkari, described in [11], defines a good-quality 

image as one with an SNR value above 4. 

 Both metrics were applied to indoor and outdoor 

datasets to compare the performance of the iris-based and 

ND filter-based configurations. 

 

2.5 Ray tracing simulations 

 Ray-tracing simulations were performed using the 

Optiland Python library. These simulations only model 

geometric optics and do not account for the wave nature of 

light or diffraction effects. The simulation uses the lens 

described in [14], with an initial F-stop of 2.0. 

 The ray-tracing model calculated the geometric light 

paths using ideal materials with refractive indices 

matching those of the actual lens. A 2D ray path was 

generated with y representing height and z the optical axis. 

Three-point light sources were simulated from an object 

plane located 2000 mm from the lens (z = −2000 mm). It 

was assumed the PV module to be parallel to the sensor, 

with (0, 0) corresponding to the center of both the panel 

and the sensor. The three source points were defined as 

follows: 

• Point 1: (0, 0, −2000) mm. 

• Point 2: (0, 550, −2000) mm. 

• Point 3: (1100, 550, −2000) mm. 

 The x–y projection of the rays passing through the 

simulated lens onto the sensor plane was then plotted, and 

the number of rays reaching the sensor was quantified. 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Filter characterization 

 To ensure the quality and consistency of the intensity 

reduction provided by each ND filter, a spectral 

characterization was performed over the 900–1700 nm 

range. Ideally, the filters should exhibit approximately 

linear transmittance reduction behavior. 

 Figure 1 shows the measured counts across the spectral 

range and the corresponding relative transmittance (t), 

calculated relative to the “no filter” case. 

We then compared the measured transmittance values with 

those provided by the manufacturer, as shown in Figure 2. 

Since the EL emission of the Si PV modules is centered 

around 1150 nm, particular attention was given to this 

wavelength. The measured transmittance values were 

found to be slightly lower than those reported in the 

manufacturer’s datasheet. 
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Figure 1: Filter transmittance in the 900-1700 nm range: 

a) counts (a.u), b) relative transmittance. 

 

 
Figure 2: Reference transmittance vs measured 

transmittance percentage. 

  

 Since no significant differences were observed 

between the measured and reference transmittance values 

at 1150 nm, the reference values from the datasheet were 

used for subsequent analyses. 

 

3.2 Indoor EL 

 An indoor dataset was acquired using both optical 

configurations: iris adjustment and ND filters. Figure 3 

shows the EL images obtained under comparable 

conditions — 0.13 t (F-stop 4) for the iris and 0.15 t for the 

ND filter. The image captured with the iris shows uniform 

brightness and sharper detail,  which improves visibility of 

small defects. The uniform brightness improvement can be 

attributed to reduced vignetting when the optical aperture 

is decreased. Vignetting is commonly caused by internal 

lens components. On the other hand, a  sharper image can 

be attributed to an increase in depth of field and a reduction 

in optical artefacts due to the light´s geometrical paths 

within the lens´s internal arrangement . These F-stop 

effects are explored further in the simulation section. 

 

 
Figure3: Indoor EL image at 1 ms exposure time for a) 

0.13 t iris aperture and b) 0.15 t ND filter 

 

 To analyze the behavior of light intensity reduction, 

the average pixel intensity was plotted as a function of 

transmittance (Figure 4). Both the iris and ND filters were 

found to effectively reduce the signal received by the 

sensor. Tests were conducted with exposure times of 1, 2 

and 3 ms. A linear relationship was observed in the case of 

the ND filter (Figure 4b), whereas the iris case (Figure 4a) 

deviated from linearity, likely due to the simplifications 

made when estimating the equivalent transmittance. 

 

 
Figure 4: Average pixel intensity for a) iris aperture and 

b) ND filter, for 1, 2 and 3 ms exposure times 

 

 Next, we computed and plotted both SNR metrics for 

the indoor dataset (Figure 5). The iris configuration 
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consistently produced higher SNR values than the ND 

filter configuration. Interestingly, Figure 5b shows that the 

SNR(25) is higher at 0.5 transmittance (F-stop 2.0) than at 

1.0 transmittance (F-stop 1.4). This suggests that the noise 

introduced by optical artefacts at larger apertures exceeds 

the contribution expected from a 50% reduction in signal. 

Regarding SNRkari, this metric is less informative at high 

signal levels, as it was designed to address low-signal 

noise behavior. 

  

 
Figure 5: Indoor EL SNR for iris vs ND filter for 1 ms 

exposure time: a) SNRkari, b) SNR25. 

 

3.2 dEL measurements 

 Daylight EL images were acquired and processed 

using the asynchronous method [11] under medium 

irradiance conditions (600–800 W/m²). Figure 6 shows the 

dEL images captured with a 1 ms exposure time for both 

configurations under similar conditions. While both 

images reveal most defects, the ND filter image exhibits 

vignetting, whereas the iris-based image shows sharper 

details and more uniform brightness, consistent with the 

indoor results. 

 
Figure 6: Daylight EL images obtained for similar 

intensity reductions using the iris (0.13 t) and the ND 

filter (0.15 t) 

 

 To quantitatively compare image quality, SNR metrics 

were computed for both setups (Figure 7). The iris 

configuration yielded higher SNR values, indicating 

stronger signals and better image quality. This can again 

be partially attributed to vignetting, as regions with lower 

intensity are interpreted as low-signal regions by the SNR 

metrics. Additionally, the same trend observed in the 

indoor experiments was reproduced: SNR values were 

higher at 0.5 transmittance (F-stop 2.0) and lower at 1.0 

(F-stop 1.4). This supports the conclusion that, for the 

highest aperture, optical artefacts introduce more noise 

than signal is gained. 

 
Figure 7: dEL SNR for iris vs ND filter for 1 ms 

exposure time: a) SNRkari, b) SNR25. 

 Overall, for both EL and dEL measurements, despite 

their methodological differences, both SNR metrics 

consistently indicate superior image quality when using 

the iris for all similar transmittance values. Higher SNR 

values indicate better data quality and more reliable 

signal detection from the images of the PV modules. 

 

3.3 Ray tracing simulations 

 The simulation focused on three points of the PV 

module, as illustrated in Figure 8, with rays traced 

individually from each source point. 

 

 
Figure 8: Ray tracing simulation source points scheme 

 

 We will study the rays reaching the final surface 

(sensor) only for the iris case because adding NDF to this 

kind of simulations will only linearly reduce the intensity 

without affecting the geometry of the setup. Figure 9 

shows the (y,z) graph depicting the lens construction for a 

F-stop of 2.0 and the rays originating from the source 

points. We can observe the blue rays passing through the 

system from point (0,0), the orange rays from the point 

(0,550), and the green rays from the point (1100,550). We 

can also see the internal lens optic representation and 

sensor placement. 

 

 
Figure 9: (y,z) internal optics and ray representations 

 

 An (x, y) projection of the sensor surface is shown in 

Figure 10, with normalized coordinates Hx and Hy. 

Normalization was performed relative to the longest 

sensor dimension. 

 We use the spot projection over the sensor to count the 

number of rays that reach the surface. We then make 

calculations for different F-stop values and plot the 

resultant rays that reach the sensor. Figure 11 shows the 

number of rays reaching the spot. The number of rays 

shows the expected tendency: a higher number of rays 

come from the origin, fewer from (0,550) and the fewest 

from the corner (1100,550). We can also observe that the 

difference between the sources is reduced when the 

aperture is closed; this is the same experimental pattern of 
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reduced vignetting. 

 
Figure 10: (x,y) ray tracing spot over sensor 

 

 
Figure 11: Number of rays for F-stops ranging from 2.0 

to 16.0 

 

  To examine the vignetting effect further, a profile plot 

was generated along the x-direction from (0, 550) to (1100, 

550) (Figure 12). The slope increases towards the sensor 

edges but decreases with smaller apertures. 

 

 
Figure 12: Profile plot for iris simulation 

 

 Lastly, we can observe the experimental profile plot in 

Figure 13. Half of the image is profiled, centered on the y-

axis and along the x-axis. Notice how reducing the iris 

aperture flattens the reduction in intensity at the edges, 

whereas this does not happen as much with the neutral 

density filter. 

 
Figure 13: Experimental profile plot for F-stops (a) and 

ND filters (b) 

 

 

4 CONCLUSIONS 

 

 This study systematically evaluated the effectiveness 

of neutral density (ND) filters versus lens iris adjustments 

in reducing sensor saturation and enhancing image quality 

in EL and dEL imaging of PV modules using InGaAs 

cameras. Through a combination of indoor EL 

characterization, outdoor dEL measurements, and ray 

tracing simulations, we demonstrated that adjusting the 

lens iris consistently yields superior image quality 

compared to using ND filters. 

 The comparative analysis revealed several important 

findings. First, adjusting the lens iris consistently 

produced higher SNR values across both SNR25 and 

SNRkari metrics, indicating superior image quality and 

reduced noise. This improvement is attributed to the 

increased depth of field and reduced optical artefacts 

which can be related to the noise of the image and reduced 

vignetting associated with the signal. This results in 

enhanced image sharpness and uniformity. Second, ray 

tracing simulations supported these observations by 

showing that closing the iris leads to more evenly 

distributed light across the sensor, minimizing edge losses 

and optical artefacts. Third, the characterization of ND 

filters revealed discrepancies between manufacturer-stated 

and actual transmittance values, particularly at lower 

transmittance levels, which may introduce inconsistencies 

in image quality. Taken together, these findings 

demonstrate that iris-based light attenuation not only 

improves image clarity but also ensures more reliable and 

consistent imaging performance in both EL and dEL 

applications. 
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