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Introduction 

The portable assayer we developed for CSIRO, Australia has two vertical PCBs lined against each 
other with a transparent tube in between. The transmitting PCB has 56 LEDs, while the receiving PCB 
has an equivalent number of IR photodiodes.  

The tube is filled with a sediment sample mixed with water. As the sediment settles down, the 
transmitter (Tx) bombards the sediment with infrared. Across the glass tube, the receiver (Rx) 
analyses the infrared spectrum and maps it to a mathematical algorithm that gives you the material 
content of the sediment fairly accurately.  

As we were building the system, we came across three major issues that needed us to understand 
the way infrared, or light behaves.  

(1) One was identifying the area of the spectrum that has the maximum meaningful data.  

(2) The second was to identify and ignore collateral noise. This was created by a dying LED’s 
light after the next receiver photodiode started reading data from its own LED.  

(3) The third was to understand how frequently to fire the LEDs. Would a larger time between 
one LED and another kill noise? Remember, this had to be calculated precisely. A large time 
gap between readings of LEDs will mean that we missed out some crucial data as the nature 
of the sediment would have changed. We have no control over the settling of the sediment 
as that is controlled by gravity, chemical, and other reactions, if any, of the elements in 
water.  

Preamble  

This article is completely technical in nature. One of the requirements to understand the article is to 
have a thorough understanding of Physics and, in particular, understanding the behaviour of light 
and infrared.  
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Optical Analysis 

Optical Analysis refers to that part of Physics where you bombard a substance with light and observe 
the resultant light. Every substance scatters, absorbs, refracts or polarizes light depending upon its 
chemical composition.  

In the olden days, you had to have a specific instrument to measure a specific effect on the light such 
as a Polarimeter to measure polarization, or a photometer to measure light intensity.  

Modern sensors can do away with these requirements, and one can develop advanced algorithms to 
identify a number of characteristics of the transmitted light.  
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Basic Optical Laws & Definition 

Light travels at different speeds in different medium. These are defined as follows: 

C = Vλ, where 

V = Frequency and λ = Wavelength 

For example, in vacuum, C = 3*108 m/s. 

When you take the speed of light in air as 1.0, other mediums have a refractive index (n) that is 
usually higher as the velocity of light is lower. The angle of refraction is also less. The typical values 
of n are as follows: 

Medium Refractive index n 

Air 1.0 

Water 1.33 

Glass 1.50 

Diamond 2.42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Speed of light in water = 2.31 * 108 m/s 

Speed of light in glass = 1.99 * 108 m/s 

C water > C glass 
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The Tilt Angle Issue 

Named after the Dutch astronomer Willebrord Snellius (1580–1626), Snell’s law is used to determine 
the behavior of light ray when it travels through different medium with varying indices of refraction. 
Light travels at varying speeds through different medium or 
material. In each such medium, light bends differently.  

When light passes from one medium to another, depending 
upon each medium’s refractive index, it will be refracted either 
at a larger or lesser angle. 

In the case of monochromatic light waves, Snell’s law can be 
expressed in terms of ratios of wavelengths in the two mediums -  

 

Refraction indices are usually labelled as n1, n2 and so on. Using 
this, Snell’s law can be stated as follows: 

n1 sin∅1 = n2 sin∅2 

Or its equivalent: 

n1 cosθ1 = n2 cosθ2 

(∅1- the angle of the incident -> angle between incident ray and normal to the surface) 
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Reflection 

When light travels across two different mediums, if it gets reflected back at the point where the 
mediums meet, it is called internal reflection. If it passes through the barrier, it becomes an external 
reflection.  

External Reflection 

 

Internal Reflection 

 

As the angle of incident - ∅1- in an optically denser material is higher, the refractive index becomes 
larger. The refracted angle ∅2 approaches π/2 or 90° perpendicular. Beyond this point, no refraction 
is possible and the light ray becomes totally internally reflected, which is determined by Snell's law 
as follows: 

[n1 sin∅1 = n2 sin∅2] 

Light ray gets inclined towards the glass surface and it leaves the glass in accordance with Snell's law. 

If ∅1 is increased continuously, a point will eventually be reached where the light ray in air is parallel 
to the glass surface. This point is known as the critical angle of incidence, or, ∅C. 

With ∅1 > ∅C, total internal reflection is satisfied. In other words, the light is reflected back into the 
glass completely with no light escaping from the glass surface. 

This is an ideal situation. In real life, there is always some tunnelling of optical energy through the 
interface. This can be explained in terms of the electromagnetic wave theory of light (mode theory 
for circular waveguides). 

In our own case, what we were building was an IR application on the glass wall and hence could be 
treated as medium to medium without going into mode theory for circular waveguide. 
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Dealing with Three Mediums 

In the product we built, a glass wall separates the transmitter’s LEDs and the receiver’s photodiodes. 
Water is inside the glass wall. For all practical purposes, we were dealing with three different 
mediums – air, glass, and water.  

This is in spite of the fact that the transmitting LEDs are practically touching the glass surface.   
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When the light ray is parallel to the glass surface  

∅2 = 90°and Sin∅2 = 1. 

When substituting to calculate critical angle 

n1 Sin∅1 = n2 Sin∅2   

n1 Sin∅c = n2 Sin 90 

Sin∅c = n2/n1 (1) 

∅c = Sin-1(n2/n1) 

For Water n2 = 1.33 and glass n1 = 1.50 

Thus, ∅c = Sin-1 (1.33/1.50) = Sin-1(0.88666666) 

∅c = 62.4573° 

Any light that hits the glass barrier at an angle ∅1 greater than 62° is reflected back completely into 
the glass. For us, the transmitter and received cannot have a tilt of greater than 28° [(90°-62°) or 
28°].  

When we arranged the Tx and Rx in this manner, we were able to capture all the data that was being 
generated by the refracted IR.  
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The Pitch Distance Issue 

Now we come to a critical point. What should be the minimal or maximum distance between the 
two transmitting LEDs to optimize data retrieval? Keeping them too near will obviously create 
collateral noise. Keeping them too far will create data loss.  

Unlike laser that is coherent and does not refract, IR is harmonic and does refract. So we needed to 
calculate the distance between two Txs that will give us the best results. Obviously, the distance 
between two Rx photodiodes have to match this.  

 

tan θ = opp/adj = opp/53mm where 53mm is the diameter of the test beaker 

tan 28° * 53 mm = opp 

Thus, Opp = 18.24936 mm 

This is the minimum distance required between consecutive Rx photodiode placements when we 
operate more than one Tx at a time or more than one Rx at a time. 

The Timing Issue 

Now that we have the angle and the distance between two Rx LEDs, how frequently can we fire the 
LEDs?  

Let us assume a scenario, where one Tx is switched on in PWM mode at a duty cycle of 90%. The 
duty cycle is based on the step delay where the minimum step delay is 50μs. 90% of 50μs gives us 
45μs ON and 5μs OFF. 

The Tx is switched ON for 45μs at the frequency of 20KHz [1/50μs = 20KHz] [f=1/t]. Within the 
remaining 5μs, we have to sample the optical energy received at the Rx terminal. Otherwise, the 
next cycle of adjacent Tx will start and it will interfere with the current reading. 

So, now we have to calculate the time taken by the IR transmitted light to travel in the air, glass, 
water, and glass and air again to reach its own designated Rx receiver.  

We know speed of light in glass = c/n2 

Cglass = 3*108 m/s/1.50 = 2*108 m/s 

Speed of light in water = c/n1 

Cwater = 3*108 m/s/1.33 = 2.25*108 m/s 

Glass thickness is 3mm * 2 (sides) = 6mm 
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The time taken by the IR Tx LED light to travel through both the glass walls of total 6mm is 

T glass (6mm) = 0.03 ns 

The time taken by IR Tx LED light to travel ∅53 mm of water is 

Twater (53mm) = 0.2355ns Ω 0.24ns 

Tglass (6mm) + Twater (53mm) = 0.2655ns = 0.27ns 

Ttotal = 0.000265ns 

Thus, even at a 90% duty cycle of IR Tx LED ON at 50μs step delay (minimal), collateral noise can be 
completely eliminated.  

However, we must note that within 0.5μs (OFF time) the Rx photodiode must do the sampling, 
record the reading, and be switched off. Whew! That is a lot of work in such a short time! 

Once we created this cycle of timing and switching the photodiodes ON/OFF, we were able to gather 
data that had literally zero collateral noise.  
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Analyses Summary & Conclusion 

Using Snell’s law and a clear understanding of the steps needed to calculate of how light refracts in 
different mediums we were able to optimize the data collected from the refracted light fairly 
accurately. We were able to deliver enough data that had very low or no noise so that material 
prediction could be done correctly. Tested extensively, this system was able to deliver fairly accurate 
results.  

Angle Tilt 

The tilting possibility of Tx and Rx sensors can’t go above 28° which means calculating both the tilt of 
both sensors. For example, if the Tx sensor’s tilt is 20° towards one side, and the Rx sensor’s tilt is 
also 20° towards the opposite side, the total angle of deviation will become 40°. This is above the 
calculated maximum value of 28°. 

Ideally, the maximum tilt of either of the sensors should be 14° so that the total tilt becomes 14x2 or 
28°. To be on the safer side, we kept the maximum tilt of each sensor to be 10°.  

Pitch Distance 

As IR is not coherent in nature, our analysis showed that at least 3 Rx photodiodes are exposed to 
each Tx being triggered in the current component layout pitch of 6mm. However, as long as we 
could eliminate the effect of adjacent Txs affecting the current Rx photodiode reading, we are good. 
We used a system of adjacent sensor suppression and we achieved better results in the same layout 
pitch.  

What we now do in adjacent sensor suppression is to measure ground through ADC before reading 
the actual Rx sensor. This ensures that all the residual effects of previous reading or interference 
issues are eliminated in the current reading. We could also nullify the internal ADC charge for 
starting the ADC measurement.  

Timing 

The total time taken by the IR rays to travel from Tx to Rx through the glass and water medium is 
0.27ns or 0.0002655μs with the beaker diameter being 53mm. 

As soon as the Tx is switched OFF, the last particle of IR light ray will reach the Rx sensors (3# of Rx 
@6mm pitch) in the above specified time. So the recording of the next Rx sensor reading must be 
started after this timeline. The time required for one ADC’s conversion is 0.5μs to 16μs. Thus 
collateral noise is taken care of.  

Final Thoughts 

This was one of those rare projects where we used non-software expertise and hard Science to the 
maximum and solved a combination of Physics and Mathematical challenge quite well. Our 
Engineers were excited with this project as they felt they have used what they learnt in their College 
quite well.  

We agree.  
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