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Introduction
The development of a protocol was initiated in 2015 to 
standardize deep ultraviolet light emitting diode (UV-C LED) 
output testing conditions, methods and reporting, which will 
enable greater transparency and reliability for system designers, 
regulators, researchers and end users.
This protocol is an IUVA initiative, undertaken by a working 
group of the IUVA Manufacturers Council, and is designed 
to not only facilitate standardized laboratory methods but 
also create and validate a formal protocol, which laboratories 
can use to better describe the output of their UV LEDs. The 
protocol was designed to test and compare standardized UV-C 
LED lamp emission (power output and wavelengths) with 
standardized equipment under different ambient conditions 
with different operators. The hypotheses of this research were 
twofold:

1. the differences between participants’ spectrometer
and radiometer measurements when using the same,
shared equipment and a standard protocol are within the
equipment uncertainty and

2. the differences between trained participants’ results using
their own (i.e., in-house) spectrometer and radiometer
equipment to measure the same, shared UV-C LED
sources can be used to verify a 10% error from the mean at
a 90% prediction level for future data.

These parameters can be used to set quality control/quality 
assurance (QA/QC) tolerances to error as detailed in the QA/
QC section of this report. 

Methods overview
An independent third party at the University of Colorado 
Boulder developed and validated the testing protocol for 
the measurement of UV-C LED lamp output with feedback 
from the IUVA Manufacturers’ Council and participants in 
this round robin. The standardized protocol and calibrated 
equipment was sent to 14 domestic and international 
participants (UV LED manufacturers, system designers, 
standards agencies and researchers) for round robin testing 

in 2016. Participants listed in alphabetical order include the 
following:

• AquiSense Technologies
• Crystal IS
• DOWA
• Ferdinand-Braun-Institut
• HexaTech, Inc
• Nikkiso Giken
• Philips
• Provital Solutions/LiqTech
• RayVio
• SETi
• Trojan Technologies
• Technologiezentrum Wasser
• University of British Columbia
• Watersprint AB

Measurements and data collection consisted of experimental 
conditions, equipment specifications, calibration dates, output 
spectrum and radiometer readings. The protocol testing exercise 
was designed to quantify the differences in results both between 
trained operators using shared equipment and between each 
participants’ in-house equipment. Negligible differences (within 
the error reported by measurement device manufacturers) 
existed when comparing the round robin shared sources and 
shared testing equipment and following the protocol. However, 
approximately 2-10x greater variability resulted from the in-
house testing equipment owned by the various participants 
while still following the protocol using the shared sources. 
The final protocol, along with strategies for minimizing the 
variability between each participants’ in-house equipment, have 
been developed and are included in this report and Appendix A.

The testing protocol format was similar format to the protocol 
developed to the method for the measurement of the output of 
monochromatic (254 nm) low-pressure UV lamps1, including:

• Safety
• Measurement equipment and specifications
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• Measurement conditions
• Background conditions
• Measurement procedure and calculations
• Measurement time necessary to reach steady state
• Distances/orientations
• Duplicates
• Calibration and validation
• Reporting

The shared protocol equipment consisted of two UV LED 
lamps with nominal wavelengths of 265 nm and 285 nm. 
Each of the two lamps consists of an integrated heat sink, 
drive board, LED array and a connector to a power source. 
The shared protocol equipment also consists of the following 
measurement equipment:

• UV spectrometer and sensor (Ocean Optics Maya Pro
spectrometer and CC3-DA, calibration range of 200-400 nm)

• UV radiometer and sensor (ILT 5000 radiometer and a
SED240W radiometer sensor, sensor range of 180-320 nm
with a peak of 240 nm)

The standardization of all equipment and associated training via 
the step-by-step protocol instructions allowed for an experimental 
design to first quantify the variability between operators and 
environmental conditions. The Linden Laboratory verified that 
there were no changes over time in the equipment by taking all 
protocol measurements at the beginning, middle, and end of the 
round robin testing period (t-tests, a=0.05). These tests took place 
in March, June and December 2016. Because the operators were 
trained via the step-by-step protocol instructions and the data 
were analyzed contemporaneously to verify agreement between 
participants, the next step of the study attempted to quantify the 
variability between in-house equipment.

For the shared equipment testing, if operators experienced 
greater than expected variability from the measurements of all 
other participants, then troubleshooting and retraining occurred, 
and retesting was requested. Those results were verified prior 
to in-house testing. If operators had in-house radiometers or 
spectrometers, they then used the shared equipment UV-C 
LED sources and attempted to measure the same metrics with 
their own equipment and sensors (calibration dates, equipment 
manufacturers and sensor sizes were reported).

Shared equipment results and discussion 
Wavelength emission
The mean wavelengths based on the shared spectrometer 
were 268.6 nm and 285.8 nm for the 265 and 285 nm nominal 
UV-C LED sources. Figure 1 illustrates the spectrometer 95% 
confidence intervals for both the nominal 265 and 285 nm 
UV LED sources. Two different experimental distances (15 
and 20 cm) between the UV LED source and the spectrometer 

sensor were used, and duplicates were performed for each 
test. The emission wavelength for each UV LED does not 
vary with distance from the UV LED source to the sensor. 
Figure 2 illustrates the maximum wavelength variability for all 
participants (anonymized). Each participants’ data for both 265 
and 285 nm and at both distances (15 and 20 cm) were compiled 
to determine the maximum distance and maximum percent to 
the mean wavelength for either source and either distance. The 
data point for each participant in Figure 2 represents the worst-
case scenario (i.e., the largest distance from the mean) for that 
participant. These data contained no outliers. The maximum 
distance to the mean wavelength was 0.4 nm. This corresponds 
to the maximum uncertainty for these measurements based 
on the calibration range of the spectrometer (200-400 nm). 
A maximum distance to the mean of 0.4 nm translates to 
approximately 0.14% error from the mean. The calculation for 
percent error from the mean is as follows:

Percent error from the mean =    λ
experimental

-λ
mean

λ
mean

*100

Figure 1. Shared equipment spectrometer 95% confidence intervals, 265 
and 285 nm

Figure 2. Shared equipment spectrometer largest error from the mean 
265 and 285 nm (15 and 20 cm) for each participant (anonymized)
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Irradiance measurement
The irradiance data range varied by less than 5 uW/cm2 (+/-2.5 
uW/cm2 error from the mean) between all participants for the 
shared equipment. These data contained one outlier, Company A 
(anonymized). Figure 3 illustrates the radiometer 95% confidence 
intervals for both the 265 and 285 nm UV LED sources at two 
different distances (15 and 20 cm). A significant reduction in the 
95% confidence intervals are observed between the 15 cm and 20 
cm distances for both UV LED wavelengths. The 20 cm distance 
represents approximately 7x the largest dimension of the UV LED 
source (~2.6 cm) while 15 cm represents approximately 5x the 
largest dimension of the UV LED source. The difference between 
these two measurements is important because an irradiance 
measurement distance of 7x the largest dimension of the UV LED 
source was proposed after this research was conducted in 2016 by 
Kherandish et al. 2018. Conventionally, a distance of 5x the largest 
exposed length of UV plasma lamp has been the recommended 
distance for radiometric measurement. This research supports the 
Kherandish et al. 2018 recommendation. 

Figure 3. Shared equipment radiometer 95% confidence intervals, 265 
and 285 nm

Figure 4. Shared equipment radiometer maximum variability 265 and 
285 nm (15 and 20 cm) for each participant (anonymized)

Figure 4 illustrates the maximum irradiance variability for all 
participants (anonymized). Each participants’ data for both 265 
and 285 nm and at both distances (15 and 20 cm) were compiled 
to determine the maximum distance and maximum percent error 
from the mean irradiance for either source and either distance.

The one data point for each participant shown in Figure 4 
represents the worst-case scenario for each participant (i.e., 
largest distance from the mean). As noted above, this translates 
to a maximum of 2.5 uW/cm2 maximum distance from the 
mean and approximately 6% error from the mean, including 
the outlier.

When the outlier is omitted, the maximum distance from the 
mean and the maximum error from the mean are reduced to 1.5 
uW/cm2 and 3.5%, respectively.

These results indicate that using shared equipment and a 
standard protocol and iterative training, industry staff can 
produce replicable data within the reported uncertainty of the 
equipment and at sufficiently low (5%) percent error from the 
mean.

In-house results and discussion
Ten of the 14 participants maintained and used in-house 
equipment: ten participants with comparable spectrometer 
data and eight with comparable radiometer data. There were 
three participants who used integrating spheres for the 265 
nm source and two participants who used them for the 285 nm 
source; their radiometric comparison to the protocol data are 
not possible, given the inability to convert between integrating 
sphere and single point radiometric measurements. The 
radiometric integrating sphere data therefore are omitted from 
this analysis.

For in-house spectrometer and radiometer equipment, 
operator familiarity with equipment was required. The shared 
equipment UV LED sources (265 and 285 nm) paired with 
the step-by-step protocol training and data validation were 
used for experimental, equipment, and training controls. Any 
deviations in testing distances, warm-up times, etc. were noted. 
Calibration dates, equipment manufacturer and sensor sizes 
were recorded for analysis.

Wavelength emission
For the participants’ in-house equipment, the average peak 
wavelength for the nominal 265 and 285 nm UV LEDs were 
found to be approximately 268.2 and 285.1 nm, respectively, 
see Figure 5. These values varied from the shared equipment 
results of 268.6 and 285.8 nm, respectively. This is not 
unexpected because, depending on the calibration ranges of 
multiple devices, there could be a potential measurement error 
of approximately 0.6 to 0.8 nm. The calibration range of each 
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participants’ spectrometer was not recorded as part of this 
study. Potential uncertainty in the wavelength measurement is a 
function of calibration range as follows:

• ~0.4 nm uncertainty for a UV calibration range of 200-400 nm
• ~0.55 nm uncertainty for a UV/visual light calibration

range of 200-1,000 nm

To determine the combined error of two different devices 
and their associated calibration ranges, error propagation is 
calculated by adding absolute errors in quadrature:

•
•
•
•

In-house spectrometer results span an absolute range of less 
than 2.5 nm (<±1.25 nm from the mean) with outliers omitted 
for each wavelength and distance, see Figure 5. Outliers span 
a range of approximately 3-12 nm from the mean (see dots 
representing outliers in Figure 5). In a generalized linear model, 
no statistically significant differences were found between 
spectrometer manufacturers, the duration of time between 
calibration and testing, or sensor surface area (alpha = 0.05). 

Figure 5. In-house spectrometer 95% confidence intervals, 265 and 285 nm

Figure 6. In-house spectrometer average variability 265 and 285 nm (15 
and 20 cm) for each participant (anonymized; company A omitted)

Table 1. Average wavelength for each UV LED and distance

While only one participant accounted for the outliers across 
the wavelengths and heights (Company A, rosner test for 
multiple outliers), the remaining nine participants still 
produced spectrometer results with greater variability than the 
shared equipment. The largest average distance to the mean 
is approximately 1.1 nm. Companies I, K and L produced in-
house spectrometer results in the same range as the shared 
equipment data for the spectrometer of ≤0.4 nm absolute 
distance from the mean (See Table 1 and Figure 6). Table 1 
contains the average wavelengths reported by each participant 
for each UV-C LED and the combined average distance to the 
mean as calculated by the following equation:

Applying a 90% prediction interval to these data results in a 
range of ±1 nm distance from the mean.

Prediction intervals establish the percent of future samples that 
will fall within the prediction interval (i.e., a 90% prediction 
interval of 284-286 nm indicates that 90% of the subsequent 
samples will fall within the stated interval).

Irradiance measurement
The in-house radiometer data set was more limited with eight 
participants having comparable data (see Figure 7). Company 
A was an outlier for all radiometer data in addition to Company 
H for the 265 nm UV LED at 15 cm (rosner test for multiple 
outliers). These data were omitted from the analysis.

The remaining seven participants still produced spectrometer 
results with greater variability than the shared equipment for 
the 20 cm distance, but the data at 15 cm distance matched the 
variability for both in-house and shared equipment. 
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Table 2. Average irradiance and 90% confidence and prediction intervals

Figure 7. In-house radiometer box plots for each wavelength and height

Figure 8. In-house radiometer average variability 265 and 285 nm (20 cm 
only) for each participant (anonymized)

In-house radiometer results for each wavelength and height span 
a range of ≤14 uW/cm2 with outliers omitted, see Figure 7, 
above. Outliers ranged from approximately 16-40 uW/cm2 from 
the mean. With outliers omitted, the largest average distance to 
the mean is approximately 6.7 uW/cm2; however, these results 
apply to the 265 nm UV LED at a distance of 15 cm. Because 
this distance is less than the 7x distance from the largest 
dimension of the UV LED source recommended by Kheyrandish 
et al., 2018, the irradiance data from the 15 cm distances will not 
be considered for the development of the tolerance to error.

Four participants – Companies C, E, F and I – produced 
in-house radiometer results in the same range as the shared 
equipment data for the radiometer of ≤5% error from the mean 
(see Figure 8). Figure 8 illustrates each participants’ average 
distance from the mean and percent error from the mean. The 
average distance from the mean spans approximately ±4 uW/
cm2, this translates to <±10% error from the mean.

In a generalized linear model, no statistically significant 
differences were found between radiometer manufacturers, 
the duration of time between calibration and testing, or sensor 

surface area (alpha = 0.05). For the participants’ in-house 
equipment, the average radiometer data for the nominal 265 
and 285 nm UV LEDs are found in Table 2. Also in Table 2 
are the 90% confidence and prediction intervals. Prediction 
intervals establish the percent of future samples which will fall 
within the prediction interval (i.e., a 90% prediction interval 
of 55±5 uW/cm2 or 50-60 uW/cm2 indicates that 90% of the 
subsequent samples will fall within the stated interval). 

Results summary 
The shared equipment results support Hypothesis 1 and 
demonstrate that using shared equipment and a standard 
protocol and iterative training, various operators can produce 
replicable data within the reported uncertainty of the 
equipment and low percent errors from the mean.

In-house equipment results show 2-10X greater variability 
across participants when compared to shared equipment: 
spectrometer maximum distance from mean of ~0.4 nm 
(shared) to ~10 nm (in-house) and radiometer maximum 
distance to mean of ~2 uW/cm2 to ~40 uW/cm2. However, with 
the omission of statistically determined outliers for the in-house 
equipment, maximum spectrometer distance from the mean 
decreased from ~10 nm to <2.5 nm.

Similarly, with the omission of radiometric outliers and invalid 
data (<20 cm experimental distance from the source to the 
radiometer sensor), the distance from the mean decreased 
from ~40 to 4.1 uW/cm2. These data support Hypothesis 2 and 
demonstrate that using in-house spectrometer and radiometer 
equipment to measure the same, shared UV-C LED sources 
can be used to set quality control/quality assurance (QA/QC) 
prediction levels for future data. Specifically, in-house data 
can be used to verify a 10% error from the mean at a 90% or 
greater prediction level for future data. 

Tolerance to error
The ≥90% prediction intervals establish the proposed 
tolerances to error when the protocol (Appendix A) is 
followed and the quality control/quality assurance (QA/QC) 
steps are followed as detailed in the QA/QC section, below. 
The in-house data are used to determine the 90% or greater 
prediction intervals (defined below), recognizing the utility 
of round numbers as numeric guidelines. In the event that 
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the 90% prediction interval resulted in a non-round number, 
the prediction interval was made larger to the nearest round 
number. For example, the 90% prediction interval for the 
in-house spectrometer data would have been ±0.87 nm for 
the nominal 265 nm UV LED. Instead, the tolerance to error 
was rounded up to ±1 nm, which represents a 93% prediction 
interval. Prediction intervals define the range within which N% 
of future observation will be contained. The prediction interval 
varies from a confidence interval that simply provides the range 
within which the sample mean is contained (at a defined alpha 
value). Below is the equation defining the prediction interval: 

The 90% prediction intervals for the in-house spectrometer 
peak wavelength data are found in Table 3.

Table 3. 90% prediction intervals for in-house spectrometers’ peak wavelength

Table 4. Prediction intervals for in-house radiometer at 20 cm

For the in-house spectrometer peak wavelength data, the >90% 
prediction intervals of ±1 nm from the mean translate to the 
expected range of >90% of future observation. This prediction 
interval is the proposed tolerance to error when the protocol 
(Appendix A) is followed and the QA/QC steps are followed as 
detailed in the QA/QC section below.

In addition to the peak wavelength, prediction intervals for the 
area under the emission spectrum curve can be determined as 
well. The area under the curve for the in-house spectrometer 
data varied significantly when differentiating the integrating 
sphere data from the non-integrating sphere data (t-test, 
alpha=0.05). However, because these data may need to be 
compared in industry, analyses were performed on both 
integrating sphere and non-integrating sphere data combined.

The 95% prediction interval was chosen due to the larger 
variability in the data and the fact that the 90% prediction 
interval represented a non-round number (<±3.45% error from 
the mean of the normalized area under the emission spectrum 
curve). The 95% prediction interval is <±5% error from the 
mean of the normalized area under the emission spectrum 
curve; this prediction interval is the proposed tolerance to error 
of the normalized area under the emission spectrum when the 

protocol (Appendix A) is followed and the QA/QC steps are 
followed as detailed in the section below. 

For the in-house irradiance data, the 90% prediction interval 
is <±10% error from the mean (see Table 4). This prediction 
interval is the proposed tolerance to error when the protocol 
(Appendix A) is followed and the QA/QC steps are followed as 
detailed in the QA/QC section. 

QA/QC
In order to establish QA/QC for these in-house radiometer 
and spectrometer measurements, the following steps are 
recommended for each type of equipment and associated 
measurement:

Spectrometer QA/QC
1. Verify that the spectrometer has been calibrated over the

applicable range by a qualified or accredited third party or
using a standard method within one year.
a) If using a spectroradiometer, the radiometric calibration
verification must be followed as found in the Radiometer
QA/QC section.

2. Test stable UV plasma source (i.e., 253.7 nm low pressure
mercury arc) immediately following spectrometer
calibration.
a) Verify <±1 nm difference from NIST atomic spectra
database2 expected value.
b) Contact the company who performed the calibration if
needed.

3. Follow the protocol found in Appendix A, Emission
Spectrum and Irradiance Measurement Protocol for UV
LEDs.

4. Take all measurements in duplicate.
a) Ensure measurements are within the reported
uncertainty due to the calibration range as published
otherwise by the spectrometer manufacturer.

5. Repeat all measurements at a minimum of two different
heights.
a) Ensure measurements are within the reported
uncertainty based on the calibration range as published by
the spectrometer manufacturer.

6. Compare spectrometer results to UV LED manufacturer or
device developer’s source spectrum data (annual).
a) Calculate the mean wavelength.
b) Verify all measurements are <±1 nm difference from
the mean.
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OR
6. Test with secondary spectrometer and compare with

primary results (annual).
a) Calculate the mean wavelength.
b) Verify all measurements are <±1 nm difference from
the mean.

Radiometer QA/QC
1. Verify that the radiometer with a detector traceable to a

national laboratory, such as NIST, has been calibrated over
the applicable range by an accredited third party within
one year.

2. Follow the protocol found in Appendix A, Emission
Spectrum and Irradiance Measurement Protocol for UV
LEDs.

3. Take all measurements in duplicate.
a) Ensure repeat measurements are within the reported
error or uncertainty as published by the radiometer
manufacturer.

4. Repeat all measurements at a minimum of two different
distances between the emission source and the sensor
plane.
a) Compare the radiometric data for various heights using
the calculated intensity from the inverse square law: the
inverse square law of electromagnetic radiation explains
the relationship between a source and measurement
distance. Irradiance is proportional to the inverse of
the squared distance (d in cm): E=I/d2 where E is the
irradiance (Watts/cm2) and I is the intensity (Watts). In
converting the irradiance to alternative distances, the
equation can be manipulated to the following:

b) Calculate the mean of the radiant intensity, I, for all
radiometric samples (various heights and duplicates).
c) Calculate the percent error from the mean for each
measurement.
d) All radiant intensities should vary by <±5% error from
the mean across various heights and duplicates.

5. Compare radiometer results to UV LED manufacturer or
device developer’s irradiance data (when new or otherwise
comparable).
a) Calculate the mean of the radiant intensity, I, for all
radiometric samples (various heights and duplicates).
b) Verify that the radiant intensity varies by <±10% error
from the mean.

OR
5. Test with secondary radiometer and compare with primary

results (when new or otherwise comparable).
a) Calculate the mean of the radiant intensity, I, for all
radiometric samples (various heights and duplicates).

b) Verify that the radiant intensity varies by <±10% error
from the mean.

Sources of error
While the spectrometer uncertainty most likely will come from 
the calibration range uncertainty, the radiometer error can 
come from various sources, including the following:

• Improper calibration range and sensitivity (radiometer and
sensor)
° Radiometer: Calibration over the ultraviolet range
(typically every 2 nm) is required to accurately characterize
a UV LED spectrum as opposed to calibration at one
wavelength
° Sensor: Linear response of a sensor equally across all
wavelengths is required to accurately characterize a UV
LED spectrum as opposed to a non-linear response

• Additional measurement uncertainty
° Accurate location of the sensor plane and repeatability of
measuring the distance to the correct plane
° Ensuring that that sensor plane is normal to the light
emission at the centerpoint of the light source and the
sensor plane

• Improper equipment use
° Measurement distance >7x the largest UV LED source
dimension (Kheyrandish et al. 2018)

• Measurement distance >5x and <7x the largest UV
source dimension, while applicable for plasma sources
(i.e., mercury arc lamps), are not applicable for UV LEDs

If the proposed tolerances to error are rejected, below and 
in Table 5 (on page 8) are five options for standardization, 
including the acceptance of existing in-house equipment 
variability (Option 5), which is the basis for the current 
proposed tolerance to error:

1. Third-party testing of all UV-C LED devices
2. Third-party standards sent to each facility for

The protocol was designed to 
test and compare standardized 
UV-C LED lamp emission (power 
output and wavelengths) with 
standardized equipment under 
different ambient conditions with 
different operators.
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standardization/calibration of in-house equipment
3. Standardization of radiometers and spectrometers to

replace in-house equipment
4. Radiometer and spectrometer manufacturer standardization

of equipment calibrations and/or equipment
5. Acceptance of existing in-house equipment variability

Table 5. Comparison of options for standardization of the measurement of UV LED devices
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