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Abstract— Near infrared detectors have gained popularity, mainly
in the military, because of their capability of detecting wildfires.
The Council for Scientific and Industrial Research (CSIR) focuses
on the development and deployment of wildfire detectors within
the Southern hemisphere, specifically in Pretoria. These detectors
employ ultra narrow bandpass filters which highly transmit desired
wavelengths including near-infrared regimes, where wildfire detection
is possible. However, these filters are dependant on environmental
conditions such as temperature change. Temperature variations cause
sensitivity on the angle of incidence and wavelength shift, which
reduces filter transmission. Here, we characterize optical filters which
can be integrated to the CSIR’s wildfire detectors. We select the
best performing optical filters which optimally transmit and 770 nm
and block unwanted wavelengths at different angles of incidence and
temperatures.
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I. INTRODUCTION

A near infrared (NIR) camera (Kline) is under development at the
CSIR. This camera will be used to detect wildfires in the Southern
hemisphere. NIR detectors have become the most commonly used
traditional devices to detect and monitor wildfires [1H7]. NIR ranges
from 700 to 1400 nm and is very sensitive to reflected sunlight and
emitted energy sources. The ability to detect wildfires highly depends
on the optical filters used.

The main filters which are used in the NIR camera are the ultra
narrow bandpass filters. An ultra narrow bandpass filter has the ability
to transmit frequencies within a certain range and reject frequencies
outside that range (see Fig. |I|) As light makes its way through the
optical filter, its direction changes as it passes from one layer to
the next, resulting in internal interference [8|], [9]. This is due to
the differences between the refractive indices of the materials in the
dielectric thin-film coating. The configuration of the layers results
in an optical filter that manipulates different wavelengths of light
in different ways. Depending on the wavelength and type of optical
filter, light can be reflected off of the filter, transmitted through it,
or absorbed by it. Although it is generally desirable to have normal
incidence at the filter (i.e., collimated light where an optical filter
is used), other system design (such as, lenses) considerations may
take precedence. Parameters such as angle of incidence, operating
temperature, illumination source, and detector are vulnerable upon
filter performance. The wavelength shift in a filter is impacted by
the refractive index of “air”, which is not always clearly defined and
cannot be predicted.

In this paper, we characterize ultra narrow bandpass filters. We
explore the key method used to determine the shift factors for each
angle of incidence making up a ray bundle, using filters. The spectral
shift with respect to the angle exhibited by the ultra-narrow band
spectral filter will likely be a potent constraint on FOV. Hence, this
effect is analysed in considerable detail. Moreover, we will select two
most outperforming interference filters, where each will be used to
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Fig. 1. A demonstration of an ultra narrow bandpass filter blocking a range
of wavelengths while transmitting a single wavelength (e.g. 770 nm).

transmit and block (for probing) 770 nm wavelength for the Kline
detectors.

II. TEMPERATURE SHIFT SIMULATION

The refractive indices of glass and other optical materials also
change with temperature. This introduces risks that the imaging
channels can also go out of focus with any change in temperature as
well as any change in ambient pressure. How can we select a resilient
filter which highly transmit or block light while the temperature is
varied? Interestingly, one can compute a wavelength shift of each
filter to check the cut-off frequency using [10]], [11]

A(CC) = (o) + AT (AXe/1(°C)), (1)

where )\ is the initial wavelength, AT is the change in temperature
and A)o is the wavelength coefficient.

Figure 2] shows the spectral shift that we simulated using data
obtained from Alluxa. Here, the wavelength coefficient we used is
0.0049 nm and is recommended by Alluxa for every specific filter
used here. The filters, 769.89 nm and 770.0 nm were analysed for
the transmision of the Kline whereas, 757.9 nm and 732 nm are for
blocking the Kline emission. Here we varied the temperatures from
-80 to 40 ° in a steps of 20 °. It is see that all the filters vary the
same way because of the similarity of the coefficient. However, it is
seen that at the transmission values are dependant on the transmission
band of the filter.

Geometrical optics describes light propagation in terms of rays.
The ray in geometric optics is useful in approximating the path along
which light propagates in space. The simplification of geometrical
optics include light rays propagating in rectilinear paths as they travel
in a homogeneous medium, follow curved paths in a medium in which
the refractive index changes and may be absorbed or reflected. Fig. |3|
shows a transmission of the geometrical rays (chief and marginal
ray), simulated using all bandpass filters and a lens with different
f-number values (f = 1.8 and 5.5). In parallel, we show the average
mean which result from the geometrical rays. It is seen (in Fig[j]
(a)-(d)) that a smaller f-number cuts off the higher order frequency,
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Fig. 2. Spectral shifts for the Alluxa narrow band filters with 0.0049 nm coefficient. (a) Transmission of a 770-10 OD4 bandpass filter, showing different
transmission levels. (b) A 769.89-1 OD7 ultra narrow bandpass filter at different temperatures (having a wide bandwidth and a flat top). The symbol T, refers
to the change in temperature and is measured in degrees. The black solid line represents the Kline emission wavelength (770 nm). (c) Transmission of a

757.9-1 OD4 bandpass filter, showing different transmission levels. (d) A 732.0-1 OD4 ultra narrow bandpass filter at different temperatures. The symbol T,
refers to the change in temperature and is measured in degrees.
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Fig. 3. Transmission of geometrical ray for (a)-(b) Alluxa 769 nm, (c)-(d) 770 nm, (c) 757.9 nm, and (f) 732 nm bandpass filter with f/# = 1.8, f/# = 5.5,
for 769 nm and 770 nm, and only f/# = 5.5 for 757.89 nm and 732 nm.

this means that there will only be less transmission of all the light.
Fig. |§| (e) and (f), show that there is zero transmission in the 770 nm
wavelength.

Now that we have calculated the wavelength shift, we can simulate
the transmission of each filter. When placed in a convergent light
bundle of a particular cone half-angle (CHA, symbol ¢.), there is

change due to angles of incidence computed from [12],

AXg = Ao 3)

both a shift in effective centre wavelength as well as a change in the
shape of the bandpass function. The resulting transmittance function
of the bundle of rays is given by

T(A, @) =T (A+ AXg). 2)

where ¢ is the angle of incidence and A)g is the wavelength

Here ncyy is the effective refractive index of the optical filter.

The numerical aperture of the convergent cone, a = sin¢
corresponds to a projected solid angle of Q = wsin?¢ = ma’.
The differential increase in solid angle is d§2 = 2wada. The effective
transmittance function 7(\, ¢) for the whole cone of CHA ¢, is an
integral of the transmittance function for normal incidence 7()) over

the CHA, wavelength-shifted as above, weighted by the differential
solid angle. That is



P
T(A; @) oc/ 7(A, @)dQ. )
0
This leads to e
7(A; ) o</ 7(A, a)2rada, )
0
where a. = sin¢.. The required normalisation is the integrated
weighting of the transmittance function, which is
Qe
/ 2rada = wai, (6)
0
giving
2 [
T(A @) = ;/ 7(A, @)ada. @)
cJo

Fig. ] show the transmission of light at different angles of incidence
and temperatures. The transmission is much higher at Fig. [f{a) and
(b). However, transmission drops (at about 4 degrees) much earlier
with 769 nm filter, whereas with 770 nm, the transmission drop is
seen at about 5 degrees angle of incidence. Note that there is also a
zero transmission with 757 nm and 732 nm. We can see that 732 nm
filter transmits much less light than 757 nm filter.
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Fig. 4. Transmission of light at different angles of incidence and temperatures
with (a) 769 nm, (b) 770 nm, (c) 757.9 nm, and (d) 732 nm ultra narrow band
pass filter.

III. CONCLUSIONS

Here, we characterized bandpass filters by varying the temperature
and we simulated the transmission at difference angles of incidence.
We compared the wavelength shift of all the bandpass filters. For
transmitting potassium, we used 769.89 nm and 770.1 nm bandpass
filter. And for blocking the kline emission, we used 757.9 nm and 732
nm. As a results we found that, the filters have peak transmissions
of 0.97 and 0.99 at 770 nm. Moreover they are both centered at
wavelengths of 770 nm with bandwidths of 1 nm. Both filters have
the same temperature coefficients and therefore should respond the
same to higher and lower temperatures. The disparity in their spectral
profiles contributes to the observed differences in the transmission.
As such, the 770 nm out performs the 769 nm filters due to the
higher transmission. The 769 nm filter, however, shows a constant
transmittance for AOI of up to 5 degrees at various temperatures while
the 770 nm filter shows a slow decay but still maintaining a high
transmission. As such the 770 nm filter shows a better performance.
We therefore, recommend the 770 nm filter because of its higher
transmission. Moreover, we found that the filters to block Kline have
peak transmissions of about 1075 and 10~7 at 770 nm. The 732 nm
out performs the 757.9 nm filters due to the lower transmission. As
such, we recommend the 732 nm filter for probing 770 nm wavelength
because of its lower transmission.

We further compared lenses of different f-number values to
calculate the effective transmission of light. We observed a cut off
frequency for a lens with f/1.8 at 770 nm. And for a lens with index
f15.5, the transmission of the geometrical rays is above 90%. As such,
we recommend a lens which has an index of f/5.5 because of their
high transmission of rays which will certainly reduce aberrations on
the system.
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