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Scope

This document will explain the basics of optical spectroscopy for visible and infrared
wavelengths. It will focus on the MLX90255 sensor and will show how to use prisms and
gratings to measure the spectrum with the linear optical array.

Using the MLX90255 allows for small (hand-held) and cheap optical spectroscopes.

Related Melexis Products
MLX90255 (all versions) and Melexis optical linear arrays in general.

Other Components Needed

The Melexis sensor will need to be connected to a microcontroller, DSP, FPGA, computer, or
any device able to control and readout the optical sensor. Some precision mechanical and
optical components are required for proper wavelength separation and adjustment on the image
Sensor.
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1. The prism and light separation

The basics of the discussion below are based on two properties of light. Its speed is a function
of the medium and all frequency components travel at a different speed, which is also a function
of the medium.

The first rule explains how lenses work, by going from air to glass, the light rays are refracted
because they travel slower in glass than in air. This is mathematically shown in the Snell's
formula of refraction:

S e na =1

where n; is the index of the first medium, n; is the index of the second medium, alpha; is the
incidence angle and alpha, is the refraction angle.

Setting alpha, to 90 degrees tells us the maximum incidence angle for a given interface. For
incidence angles above the maximum angle, there is total reflection, following the rules that the
incidence angle is equal to the reflected angle (Fermat’s principle). It demonstrates that the
incidence angle on a spectroscope cannot be too large.

When the incidence angle is smaller than the maximum angle, a small portion of light is reflected
and the remaining part is refracted. The percentage of reflected light is given by the following

formula:
2
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It yields to a transmission factor of an optical interface and explains why using protective glass
on an optical sensor reduces its sensitivity approximately 8%.

!
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The lowest n value is obtained for vacuum, where the speed of light is maximum. This value is
set to 1 as convention. For air, the value is 1.00029 and air can often be assumed as being
vacuum. Glass has an index that depends on the purity, compounds, fabrication process,...
Crown glass has index between 1.52 and 1.62. Flint glass has indicdes between 1.57 and 1.75.
The n parameter depends on the electrical conductivity and magnetic permitivity of the medium.
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The second rule tells us that any optical interface will deviate the rays by an angle function of
the wavelength of these rays. In an optical setup, like a digital camera, this must be avoided or
compensated by the optical design as it yields to chromatic aberration, as seen in the pictures
below.

For one interface, its dispersing power is measured by a factor of merit called the Abbe number.
The higher the Abbe number, the better the interface in terms of chromatic distortion. In the case
of spectroscopy, a high dispersive material is desired, and thus one with a very low Abbe
number. For Crown glass the variation of n over wavelength is only 0.02 from 400nm to 600nm.
A low Abbe number is obtained for Flint glass as the spread between the blue index and the red
index is large. The n index varies non linearly with the light's wavelength, as shown in the plot
below for Crown.
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After these basics, we will consider the case of a prism, i.e. two consecutive non-parallel
air/glass interfaces. Trigonometry and geometry relations show that the total refraction angle of
the system is a function of the glass index and the prism’s apex angle, as shown in the relation
below, where s the apex angle and the total refraction angle of the two interfaces versus the
incidence angle:

nprism S (3 (0 +6))

-7 a
N air sin Z

By sweeping nyism(f) over the range of light frequencies (or similarly wavelengths), one can

390119025501 Page 3 of 9 Mar-2005
Rev 002



Melexi'e Application Note MLX90255

Spectroscopy

Microelectronic Infegrated Sysiems

compute the total output angle, i.e. the range of delta(f). Blue is the most deviated wavelength.
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2. A prism based spectroscope

According to the above discussion, light can be separated in its components by a prism. The
output beam angle can be calculated with the prism’s formula and the material can be selected
so that this spreading is large. To build a spectroscope, this light beam must be aligned spatially
in the dimension of the MLX90255 pixel array and the MLX90255 needs to be connected to an
external device. The electrical connection will not be considered here, and we will assume an
ideal optical sensor, the case of a real sensor will be investigated later. An ideal sensor has the
same sensitivity for all wavelength and the same gain for all pixels.

As n is not linear with wavelength, the spectrum in the beam will not be linear. Positioning of the
optical sensor should be so that this effect is reduced. For example, putting one side of the
sensor closer to the prism than the other helps.

The average distance from the prism to the sensor should be so that the beam is fitting the
sensor area of 128*66um for the given experiment wavelength range.
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The picture below shows that the experiment does work, but the results with a prism are not the
best. The second picture shows that the right incidence angle must be used and that the
incoming light beam must be narrow, otherwise the prism will only demonstrate reflections,
refractions and light rays mixing. This is the way a periscope is built.
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3. A reflection grating based spectroscope

The prism solution suffers from many issues: it is large and expensive, it needs several
mechanical components and the output beam angle is small, it also needs a rather large and
well aligned input beam.

A better solution is obtained with reflection gratings. Gratings are glass or plastic interfaces that
are not polished but changed into a series of small prisms, holes or other structures engraved in
the material and forming a tiny periodical structure.
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The theory of reflection gratings shows us that the grating properties can affect the reflection
properties in a way similar to a prism. Gratings have the advantages of being small, have an
optical fiber as input, being able to compensate the non-linearity of n,... This solution is the one
of choice for an optical linear array sensor.

Note that you are using gratings almost everyday, a CD or DVD is a reflection grating and, as
you can see, it can reflect all color of the rainbow from a white ambient light source.

The basic equation of gratings is

where s the light wavelength, i is in the incidence angle, theta is the reflection angle and a is
the spacial periodicity of the grating. This formula needs to be slightly modified for practical
gratings.

4. Using the Melexis MLX90255

The MLX90355 has by construction a parabolic gain structure over the array. It is hecessary to
apply a different gain to each pixel internally to have the same sensitivity for all of them.

Silicon has a different sensitivity for all wavelengths, to have a one-to-one reproduction of light
energy, it is necessary to compensate this by applying different gains to each pixel.
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Relative sensitivity vs wavelength (in nm)

The MLX90255 has high gain for the pixels close to the edges and low gain for the pixels in the
middle. It is highly sensitive to central wavelength and less sensitive to limit wavelength. This is
the opposite of the gain structure, which results into a more or less flat response of the sensor in
the proposed setup. More about this can be found in the sensor's documentation.
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The plot below sketches the necessary gains to externally apply, for each of the 128 pixel
addresses, for a system using the range 525 to 825nm and mechanically compensating the
spread variation per wavelength. In this case the gain range is limited and can thus be accurate.
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Applied gain vs pixel number

The gains to apply are computed using the following method. Knowing which wavelength is
applied on which pixel, the “virtual sensitivity” of a wavelength is the sensor sensitivity for this
wavelength multiplied by the pixel’s intrinsic gain (also known). The opposite of this value is the
gain to apply to each pixel. Extra constant gain or offset can be added. It is recommended to
apply this gain in the digital domain.

The last plot below is the virtual sensitivity for different wavelength ranges.
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Once the gains have been applied, the spectral resolution will be limited by the optical setup and
the pixel to pixel crosstalk (see the datasheet for a figure).

The amplitude resolution will be limited by the signal to noise ratio and the ADC word width
limitation (see the datasheet for a figure).

Note that all electrical parameters are function of temperature.

Conclusion

As light refraction on an optical interface is a function of its wavelength, there are material and
optical configurations that can separate light rays into their frequency components. By fitting this
rainbow on the pixels of the linear optical array, the sensor will have an output representing the
spectrum of the incident light. The spectrum can then be calibrated and interpreted by an
external computation device.
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