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Abstract: Cosine response is an important characteristic of an optical detector for irradiance measurements. The non-ideal
cosine response of a detector may lead to errors in irradiance measurements. In this paper, a theoretical simulation of
irradiance generated due to isotropic point light sources is carried out for different illumination conditions. Simulation
results show that the errors in irradiance measurements due to the cosine error of detectors become significantly high at the
edges and corners of the floor when a light source is placed at the center of the roof. Further, it is observed that the errors
are more in the enclosures having a height smaller than the floor dimensions. Even calibrated detectors measure erratic
values of irradiance for a wider angle of incidence. Therefore, cosine errors in irradiance measurements are of great
importance especially during the current scenarios of the COVID-19 pandemic, for ensuring the correct dose of Ultraviolet
Germicidal Irradiation (UVGI).
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1. Introduction

With the evolution of humanity, artificial lighting has
become an integral part of life [1]. Consequently, its
measurement techniques have also started gaining impor-
tance [2, 3]. Artificial lighting is not only restricted to
provide visual stimulation but is being used in a plethora of
applications ranging from medicine, surgery, germicidal
use, communication, and in industries [4—6]. Light, being
at the helm of social, commercial, intellectual, and scien-
tific application, requires reliable measurements [3].

Light measurement can be broadly categorized into
radiometry and photometry. On one hand, radiometry
relates to the measurement of the optical power of illu-
mination while photometry is about the measurement of
light as perceived by the human eye [3, 7]. Measurement
techniques in photometry and radiometry are similar with a
difference that the former is a physiological aspect while
the latter is the physical aspect of light measurements
[7, 8]. However, physiological photometry can be

*Corresponding author, E-mail: sharmap2 @nplindia.org

converted into physical photometry by radiometric mea-
surements weighted by the human eye response.

Radiometric and photometric measurements have
gained much importance with the advancement in various
applications of artificial light sources especially in the
current pandemic scenario [9, 10]. In the present situation
of the COVID-19 pandemic, the use of the ultraviolet
spectrum for germicidal irradiation has increased manifold.
The UVC radiation (100 nm-280 nm), in the ultraviolet
spectrum, exhibits enhanced germicidal efficacy and
impedes the spread of infection through incapacitating
microorganisms and viruses [5, 10]. However, quantifica-
tion of UV dose is quite important for effective disinfection
[11-13]. The UV dose depends on exposure time [14, 15]
and irradiation geometry [16]. Hence, it is important to
study and measure the irradiation patterns of the UV
sources accurately. Apart from UV sources, the measure-
ment of irradiance finds importance in illumination, ther-
apeutic applications, etc.

Irradiance can be measured quantitatively by employing
an optical detector. Optical detectors are the devices, when
exposed to optical radiation, generate an electrical signal.
The generated electrical signal is proportional to the radiant
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flux incident on the detector surface. This radiant flux
falling on surface of unit area is called irradiance in the
context of radiometry [17, 18]. Thus, a detector signal is
directly proportional to irradiance [19]. The photometric
parameter corresponding to irradiance is illuminance.
Different types of detectors are used in radiometry and
photometry. Before measurement of irradiance or illumi-
nance, calibration of the detector is very necessary.
Detectors are calibrated for their spectral power respon-
sivity using various methods having traceability to primary
standards [20]. These calibrations are done in the labora-
tory under ideal conditions in which detectors are aligned
in line horizontally to have a normal incidence from the
source. However, the practical measurements are not
always in a condition as conducive as that of the labora-
tory. In such cases, the detectors should have a good cosine
response [21, 22].

A detector having an ideal cosine response shows a
decline in measured irradiance by a factor of cos0 as the
illumination angle deviates from normal incidence by an
angle 6. This property is known as the cosine law [23, 24].

In the present manuscript, an attempt has been made to
highlight the importance of cosine correction for irradiance
measurements. This study has been carried out through
theoretical simulation of light measurements in a cubical
room. The model can further be used for the optimization
of the position of light sources for proper illumination at
different places like laboratories, industries, hospitals, and
schools.

2. Mathematical Modeling

A mathematical model is prepared and theoretical simu-
lations are conducted considering the practical illumination
scenarios like illuminance measurements inside a closed
room. For this, we have considered a cubical enclosure
with different lighting conditions at the top face. All the
light sources are considered to be isotropic point sources,
and reflections from walls are also neglected.

2.1. Source at the Center of the Roof

The isotropic point light source is the basis of the simplest
model for light measurements [12, 13]. Also, radiant
intensity and irradiance are two important parameters for a
light source application. The radiant intensity (/) is the
radiant power (dP) leaving the source in a certain direction
through the unit solid angle made in that direction [13],
dpr
= (1)
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where dw is the differential solid angle of the elemental
cone in the given direction.

The irradiance (E) is defined as the radiant power/flux
incident on unit area of detector surface [13],

dpP
E=T @
dpP I
“dor 7 ®)

where the differential surface area dA is on the surface of a
sphere centered on and at a distance r from the source, and
E is the irradiance at that surface.

In the present case, the isotropic point light source ‘S’,
shown in Fig. 1, is assumed to be placed at the center of the
top face of the cubical enclosure. Then irradiance is mea-
sured by an optical detector (facing toward the roof),
considered to be placed at an arbitrary position on the
lower surface of the enclosure.

The situation for modeling in Fig. 1, where the detector
experiences only normal incidence (at point N having
source-detector distance of /) and an arbitrary point where

Fig. 1 Schematic diagram of a cubical enclosure having single light
source

Fig. 2 Detector of area dA at different positions: a at distance h;
from point source S at point L, b at distance 4, from point source S at
point N
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the detector experiences an oblique incidence (at point L
having source-detector distance of Ay ), is shown in Fig. 2.

From the definition of solid angle, we can write solid
angle for case a and b (Fig. 2) as,

dA cos 0
L
dA
0

Then using Egs. 1, 2, 4, and 5, the irradiance at point L
and N can be written as,

IcosO

EL = h[% (6)
I

Ex = h_(z) (7)

where / is the intensity of the source in the given direction,
and hp and hg are the distances from the source to the
surface element dA.

It can be seen from Eq. 6 that irradiance from a point
source has both inverse square law relationship [13, 25]
and cosine dependence [13, 23]. Since radiant intensity
remains same in all directions, hence Eqs. 6 and 7 may be
combined as,

E n
L= (—3) cost (8)
Exn  \h{

2

From Fig. 1, we can write that % = cos 0. Thus,

Ep = Encos’0 x cosl 9)

The above expression represents the resulting irradiance
measured by a detector following an ideal cosine response
at an arbitrary grid point.

Four detectors (A, B, C, and D) having non-ideal cosine
responses have been considered and are used to evaluate
irradiance theoretically at each grid point.

The integrated cosine errors (f, values) of Detectors A,
B, C, and D for 0 in the range 0° to 85° interval are 25.02,
42.24, 47.32, and 51.66, respectively [21]. The cosine
responses of these four detectors along with ideal cosine
response are shown in Fig. 3.

It is important to note that the calculations have been
done by taking maximum irradiance (1 W/m?) corre-
sponding to the normal incidence position. The cosine
responses have been theoretically simulated based on the
response of some commercially available detectors. It may
be observed that out of the four detectors, Detector A has
cosine response closest to the ideal while Detector D has
the worst. Then the irradiance at point L, measured by a
detector having non- ideal cosine response is given as,

E,» = Excos®0 x f(0) (10)

0.8

0.6

(0)

0.4

0.2

0.0

20 1.5 -1.0 -05 0.0 05 1.0
Angle,0 (in radian)

15 20

Fig. 3 Cosine response of detectors A, B, C, and D
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Fig. 4 Schematic diagram of the four light sources placed at the
corners in a cubical enclosure

where E}/ is the irradiance measured by the detector having
a non-ideal cosine response mathematically given by a 0
dependent function f(6).

Similarly, the irradiance at each of the grid points of the
floor is calculated using Eq. 10.

2.2. Source at four corners of the roof

To understand the impact of multiple sources in an
enclosure, four isotropic point light sources S1, S2, S3, and
S4 are assumed to be placed at the corners of the top face
(roof) of the cubical enclosure (Fig. 4). The irradiance just
below four light sources S1, S2, S3, and S4 (normal inci-
dence point) is assumed to be 1 W/m?.

Then irradiance due to these light sources is calculated,
considering optical detector following ideal and non-ideal
cosine response at an arbitrary point on the floor of the
room, using Eqs. 9 and 10 independently. The total
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irradiance measured by any detector at a point L would be
the sum of irradiance due to light sources S1, S2, S3, and
S4 individually.

2.3. Source at the Center and Four Corners of the Roof

Five isotropic point light sources (four at the corners and
one at the center) are considered to be placed at the top face
of the cubical enclosure as shown in Fig. 5. The irradiance
at the normal incidence positions (P, Q, R, S, and N) of the
individual light sources is imagined to be 1 W/m?. Further,
the resultant irradiance measured by any detector at all grid
points on the lower surface is calculated using Eq. 10. This

irradiance is the sum of irradiance of sources S1, S2, S3,
S4, and S.

Fig. 5 Schematic diagram of the four light sources placed at the
corners and one at the center in a cubical enclosure
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2.4. Error in Irradiance Measurement

The relative error in irradiance measured by the detectors
having poor cosine responses to the detector having ideal

cosine response is calculated at each of the grid points of
the floor, using the formula:

B

EL’]
Ep

Error =

(11)

3. Results and Discussion

Under different lighting conditions, irradiance profile
measured by a detector following the true cosine response
is shown by the contour plots in Fig. 6 (simulations have
been done using Eq. 9). The height of the enclosure has
been considered to be 3 m. On assuming maximum irra-
diance just below the light source as 1 W/m?, it can be seen
that the irradiance falls to 0.54 W/m? (Fig. 6a) at the cor-
ners of the floor of the room when the source is placed at
the center of the roof. On placing four isotropic point light
sources at the corners of the roof, the irradiance measured
at the center of the enclosure is 2.17 W/m? while that at the
corners is 1.89 W/m? (Fig. 6b). Then simulations are done
for the four light sources at corners along with one at the
center of the top face. It can be seen that irradiance mea-
sured at the center of the floor of the enclosure to be
3.17 W/m? and 2.44 W/m? at the corners (Fig. 6¢) of the
floor of the enclosure.

As is obvious and clear from the plots, a more uniform
illumination can be achieved by having multiple light
sources spread over the roof instead of having one at the
center. Further, simulations were also done for various
heights of the enclosure (h = 1.5 m, 4.5 m, 6 m, 9 m, and
18 m) which shows a similar distribution of irradiance
inside the enclosure.

The irradiance profiles by simulating measurements by
the detectors having poor cosine responses (Detectors A, B,

|eradiance(W! m’)

Fig. 6 Irradiance profile of the isotropic light source inside cubic enclosure under different lighting conditions: a center, b four corners, ¢ one at

the center and four at the corners
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Fig. 7 Contour plots of relative
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C, and D) are obtained under different lighting conditions.
Then, relative errors were calculated for the irradiance
measured by all four detectors for different lighting con-
ditions to the irradiance measurement by the ideal detector
under similar lighting conditions.

Figure 7 shows the profiles of the error in irradiance
measurement made by Detectors A, B, C, and D when the
light source is placed at the center of the roof. It can be
observed that the errors at the center of the room are
exactly zero for all the detectors. This is attributed to the
fact that the light falls normally on the detectors at this
position, and the calibration of the detector holds good. It is
interesting to observe that in all the detectors, measurement
error increases as we move away from the center toward
the corners of the floor. The disparity in the errors arises
from the fact that the detectors are at an oblique incidence
position when placed at the corners. The same can be
observed from Fig. 7 where the detectors record a lesser
value of irradiance as compared to the true value on
moving away from the center. Thus, the detectors provide
erroneous values at the corners of the room even when they
are calibrated. The maximum error recorded for the
detectors varies from 31% (Detector A) to 93.5% (Detector
D).

The data shown in Fig. 7 are at a fixed height of 3 m. As
the errors are expected to vary on changing the height of
the enclosure, similar calculations are carried out for dif-
ferent heights. The maximum error occurring at the corners
decreases as the height of the enclosure is increased. The
variation in the recorded errors with the height of the
enclosure is shown in Fig. 8. The errors first decrease
sharply and then start to saturate after a particular height.
This is due to the fact that on increasing the height of the

100 = Detector A
= o Detector B
£ 80 a Detector C
g v Detector D
£ 6o
o
o
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et
(5]

—
© 20
£
w
0
0 3 6 9 12 15 18

Height of the Enclosure(m)
Fig. 8 Maximum error in irradiance measurement recorded by each

detector at the corners of the floor for different heights of the
enclosure with one light source placed at the center of the roof
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enclosure, the angle of incidence reduces which results in a
decrease in the related measurement errors.

It is important to point out that the calculations in the
present work are carried out by taking the initial size of the
enclosure as 3 m x 3 m x 3 m with varying heights
1.5m, 45m, 6 m, 9m, and 18 m. The errors remain
similar if the ratio of the dimensions remains the same.
Hence, the calculated values hold good for smaller enclo-
sures for example a 30 cm x 30 cm x 30 cm box.

The errors in the measurement of irradiance recorded by
Detectors A, B, C, and D when four isotropic light sources
are placed at the corners of the enclosure of different
heights are shown in Figs. 9 and 10.

100 = Detector A
e Detector B
80 A Detector C
v Detector D

- [=2]
o (=]

Error at the Center (%)
N
o

0 3 6 9 12 15 18
Height of the Enclosure(m)
Fig. 9 Maximum error in irradiance measurement recorded by each

detector at the center of the floor for different heights of the enclosure
with light sources placed at the four corners of the roof
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Fig. 10 Maximum error in irradiance measurement recorded by each
detector at the corners of the floor for different heights of the
enclosure with light sources placed at the four corners of the roof
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Theoretical simulations were done for calculating these
errors at different heights: 1.5 m, 3 m, 4.5 m, 6 m, 9 m,
and 18 m. The maximum error at the center of the floor of
the enclosure (Fig. 8) is obtained for height 1.5 m which
decreases with an increase in height. This is because the
angle between the detector surface normal and light source
direction progressively decreases on increasing height. The
errors in the measurement of irradiance for the height of
18 m are 1.4%, 3.6%, 5.3%, and 8.3% for Detector A, B,
C, and D, respectively.

The errors in irradiance measurements at the corners of
the floor of the enclosure show an interesting trend
(Fig. 10). It first increases with height and then falls off
with height. For instance, Detector A shows errors of
12.3%, 22.5% at heights 1.5 and 3 m respectively whereas
this error decreases to 8.6%, 2.6% for height 9 m and 18 m
respectively. This observation may be attributed to the fact
that at smaller heights, the contribution to irradiance from
the sources at the corners is quite less due to larger angles.
With further increase in height, the errors decrease due to
the reduction in the detector-source angle.

The theoretical simulations are also carried out to obtain
the relative error in the measurements of irradiance for the
setup having light sources at the center along with one at
each corner of the roof (using Eq. 11).

Figure 11 shows the error recorded by each detector at
the center of the floor when four light sources are placed at
the corners along with one at the center of the enclosure. A
similar procedure is followed to calculate errors at the
corners of the floor (Fig. 12). It may be observed that in
both cases errors in measurement first increase and then
decrease with an increase in height of the enclosure.
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Fig. 11 Maximum error in irradiance measurement recorded by each
detector at the center of the floor for different heights of the enclosure
with light sources placed at four corners of the roof along with one at
the center of the roof
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Fig. 12 Maximum error in irradiance measurement recorded by each
detector at the corners of the floor for different heights of the
enclosure with light sources placed at four corners of the roof along
with one at the center of the roof

4. Conclusion

The present study highlights the importance of cosine
corrections in calibrated detectors employed for irradiance
measurements. Three common light source arrangements
were chosen for the study, and it was observed that, in an
enclosure, a more uniform illumination can be achieved by
having multiple light sources installed over the roof as
compared to one at the center. Four detectors (A, B, C, and
D) having non-ideal cosine responses are considered to
evaluate measurement error in irradiance for different
lighting conditions. Error profiling shows that for one light
source at the center there would be no measurement errors
at the center of the floor of the enclosure and errors
increase on moving away from the center to the corners of
the floor. The detector D having f, value of 51.66 shows an
error up to 93.5% at the corners. However, the errors
reduce as the height of the enclosure is increased. In the
case of multiple light sources distributed over the roof,
there is an error in irradiance measurement at the center
which decreases on increasing height of the enclosure. At
the corners, the errors in irradiance measurements first
increase with height and then fall off gradually.

Apart from highlighting the importance of cosine cor-
rection of detectors, the study is also indicative of the fact
that the measurement errors would maximize for a cubical
enclosure as compared to a cuboidal enclosure. The facts
from the study would be useful in designing the UVGI
chambers where the floor width is generally larger than its
height.
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