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During the last lecture, we looked at the functionality of polarization demodulation as far as 

polarization modulated sensors are concerned. And we said it is typically accomplished by 

rotating an analyzer, but in several applications such moving parts are not desirable. 
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So, then we said we could possibly use a polarization splitter, and then do a balance detection, 

basically a differential detection to get an idea of how much rotation has happened, the 

polarization rotation has happened because of perturbation to the medium. And we also realize 

that it is best that we bias our incoming polarization at a 45-degree angle. So, that is where we 

get the maximum sensitivity. 

(Refer Slide Time: 01:18) 

 

Then we went on to look at the example of fiber optic current sensor and we said, how can we 

achieve fiber optic current sensing through a polarization modulated sensor configuration. And 

the key to understanding that was the Faraday effect, which essentially said that, if you have a 

magnetic field axial oriented along the axis of a material and if that coincides with the 

propagation direction of an electromagnetic wave, then the polarization of that electromagnetic 

wave was going to get rotated by an angle theta which is defined by this expression over here. 



(Refer Slide Time: 02:15) 

 

And so, that essentially says that, whenever you have a current carrying conductor, you will have 

a magnetic field developed around it, and that magnetic field can actually enable Faraday 

rotation. So, if you have an incoming polarization that is going to get rotated according to the 

level of current that you have. So, B phi can be actually replaced by I. So, the rotation is going to 

be proportional to the current and then of course, we could analyze using this balance detection 

scheme and figure out how much is that current. 

And towards the end of the lecture, I was also mentioning the fact that, these fiber can be 

susceptible to environmental fluctuations vibrations and so, on, in which case, there will be what 

is called the stress induced birefringence. Essentially, if you look at the core of the optical fiber, 

if there is stress in one direction, then the refractive index, let us say this is this is along the y 

direction and this is along the x direction. 

So, nx sorry, ny is now going to be different from nx and, because of that, you have what is 

called this stress induced birefringence which actually can cause some uncertainty in our 

measurement, because the stress induced birefringence would also tend to rotate your 

polarization. So, it would cause some confusion at the detection. Now, one way to get around it 

is by understanding that, this stress induced birefringence are completely reciprocally effect. 

So, if you put a reflector over here and send it back, then it could actually (tra), it could trace 

back to the original polarization. Basically, it will cancel whatever random stress induced 



birefringence that you have in the fiber. Whereas if you look at the Faraday effect, the Faraday 

rotation specifically, on reflection, it is a Faraday affect is a non-reciprocal effect. So, upon 

reflection it will give you a further increase, it will actually double the angle of rotation 

compared to the single pass case. 

So, we said this reciprocal reflectometer configuration is actually a very nice configuration for 

this current sensing application, because it completely takes out all this possible random 

polarization fluctuations. So, this is actually something that has been projected in the literature. 
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So, this is actually a paper that came in 2011. So, high sensitivity current sensor based on 

polarization diversity that is what we have been looking at with respect to a polarization beam 

splitter and they also talk about a Faraday rotation mirror, I will come back to that. 
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But essentially, if you look at the, the math, so that is basically your balance detection that is 

your differential detection. And so, they say that the slope of change in the current with respect 

to the rotation angle is, going to be maximum at phi equal to pi by 4. So, that is what we have 

been looking at as well. And, and then, of course, they talk about, if you bias it at that point, then 

you get twice the angle, the rotation angle, because of this differential detection. 

And they compare it with the case of a single channel, if it is only one channel, then you would 

essentially have only this current is proportional to theta but it also has this background, sort of a 

signal, that sort of a DC background, which is not desirable. So, in this case, there is no 



background over here, if you are doing this polarization diversity based detection. Whether we, 

alpha is what we have represented as the responsibility. So, that is not very different. 
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Of course, this entire scheme is originally proposed by Frosio back in 1994, so that is 26 years 

ago. So, they came up with this seminal paper in this area, where they recognized that using this 

reciprocal reflection interferometer configuration, it is actually a very highly sensitive way for 

doing current sensing. 

And, and they clearly outlined that it is one of the major difficulties bend-induced an intrinsic 

birefringence in the fiber, that is the sensing coil. And to overcome this, we take advantage of the 



fact that the Faraday effect is non-reciprocal, whereas the disturbing effects are all reciprocal. So, 

that is where, they propose actually the first proposed in 1994, this reciprocal that reflection 

configuration. 

And one of the things that they also mentioned is that we could essentially send two co 

propagating orthogonal modes. So, one way of looking at our cases is when you are at 45 

degrees, you can say that there is actually a y component and an x component. So, they could be 

looking at that as two components that are co-propagating. And so that is what we have in our 

case, and it is reflected at the end of the fiber sensing coil. 

And this is similar in certain way to Sagnac interferometer, only differences in a Sagnac 

interferometer we used to counterpropagating modes of the same polarization. So, there is some 

difference between what is happening in a Sagnac interferometer, and what is happening here in 

this reciprocal reflection configuration. 

But you can see that the overall setup is actually going to look similar. So, and then of course, 

when we are talking about the reflection configuration after a round trip, what you have is the 

phase shift between two polarization caused by the Faraday effect. And that is important to 

understand as well. 
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So, whenever we are looking at any change in polarization, that could be also, associated with 

the phase change between two orthogonal polarizations. So, in certain way we can measure 



phase change, the phase difference between the two orthogonal polarization, and that could be 

actually a good way of, of picking up changes in the state or the polarization. 

So, that is actually saying that, although we say polarization modulated sensor in certain way, 

you can actually convert that to a phase modulated sensor. Because it is a phase retardation 

between two polarizations, that could actually be changed. And so if you are picking up the 

phase change between the two polarization that might actually do the job for you. 

And that is what we are talking about the Faraday effect, if you send in two circularly, polarized 

orthogonally circularly polarized modes, let us say, left circularly polarized mode and right 

circularly polarized mode, as they undergo this Faraday rotation, or the Faraday effect. They 

actually have a phase shift between the two orthogonal polar circular polarization, and then we 

can now look at the phase shift between them. 
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So, that is what is indicated over here. So, you start with a low coherence source, and you send it 

through a coupler, you launch it into, basically a hi-bi fiber, basically, if you want to do this 

sensing at a different point from the instrument, you want to preserve the polarization that is 

going through the fiber. So, you may want to use a highly birefringence fiber just to preserve the 

polarization state. 

And then you go to a point where you have a 45-degree splice, and then you go through a quarter 

wave plate, we know that the 45 degree splice is actually just to make sure that your  polarization 



launched into this quarter wave plate is at 45 degrees. And then if you go through a quarter wave 

plate, it converts into circular polarization. So, this linearly polarized radiation that is that 

corresponds to this vertical and horizontal components are going to get converted into left 

circular and right circular polarization states. 

And those are the ones that are going through this fiber sensing coil. And at the end of it, you put 

a mirror so that it reflects it back. So, even as they propagate in the forward direction, the two 

polarize, orthogonally polarized states are going to have a phase shift between them. And that 

phase shift is going to only increase when you go through the reverse path. The that is, through 

the reflection. 

And then once they come here, the quarter wave plate, once again converts from circular 

polarization back to linear polarization, this is something that we looked at over here. The 

quarter wave plate actually does these conversion. So, it will essentially convert from linear to 

circular but then circular back to linear as well. So, that is what is happening over here, it goes 

back to the linearly polarized state except that these two polarization now will have a phase shift 

between them. 

And that phase shift corresponds to the current that you have in this conductor. So, essentially 

when you come back to your, when you tap that backward propagating light, and you look at an 

interferometer, where you can measure the relative ratio between the two polarization states, then 

that will actually be that phase shift is going to be proportional to the current in this conductor. 

So, that is what they proposed back in '94. 

And that is something that is still followed except that when we go through these components, 

this coupler, the coupler, if it is not a polarization maintaining coupler, then this polarization 

state might change. So, that might actually change the phase between the relative phase between 

the two orthogonally polarized states. So, and you can of course, argue that I can make 

polarization maintaining coupler, but there again, that polarization maintaining coupler 

introduces an additional phase shift to these and that is actually an issue as well. 

So, what you could possibly do is introduce a polarizer over here, and what this polarizer does is 

it basically on the reverse path it acts likes an analyzer. So, whatever phase shift that you have 



between the two polarization states that will, that will be converted to a intensity change beyond 

this. 

So, instead of looking at phase detection, or doing a coherent detection you are actually looking 

at direct detection, where in this polarizer acts like an analyzer for the reverse path, and converts 

polarization changes into intensity changes. So, those are the typical configurations that we have 

been, that that could be looked at. 
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And of course, if you read some of the details of this, we say that typically if you just send a two 

linear polarization, then that will have a vanishing effect. Because essentially, at the end of it, we 

are looking at the interference signal and interference between the two polarization. So, it will 

have a very weak signal, if it is biased at exactly at the linear polarization. 

So, what we are looking at is instead of sending linear polarization, you do quadrature detection 

with a quarter wave plate. Basically, that is what we talked about, we launch a circular 

polarization. So, those are some details that you can go through, but hopefully, you get an idea of 

what, how current sensing is accomplished through this reciprocal reflection configuration. 
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Now, this is of course, being taken up and this technology now commercialized. And for 

example, we look at this paper by Bohnert and et al. And so, they are actually working with 

ABB, actually, it is a major company working in this domain, in electrical power industry. 
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And so, they also have adopted a similar type of configuration, this reflection configuration and 

they show that basically there is going to be a phase shift between the two circular polarizations 

because of this Faraday affect and then they talk about how to demodulate using this fiber 

polarizer and then pick up intensity changes corresponding to phase change. 

So, in certain ways, like it is similar to Sagnac interferometers. So, some of the in the 

configuration looks similar to Sagnac interferometer. So, some of the things that we implement 

there with respect to modulating the face, so that you can do like a phase generated carrier 

detection, you can do that also here and that will improve the sensitivity and also use a low 



coherence source typically, so, that any coherent rally, back scatter is not actually introducing 

uncertainty, the measurement and so on. So, there are some interesting things to note here. 
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But the key point is finally, they managed to package their sensing coil in such a manner. So, this 

is what is going to go over this conductor, which is carrying this high current level. So, and that 

has been actually shown to be very good over a wide range of current levels and, it gives a noisy 

equivalent current of 0.2 amperes RMS per root hertz. So, it can achieve very good performance 

with such current sensors. 



So, that is looking at a fiber optic current sensor as an example of polarization modulated sensor, 

and that is actually happening at a, at one particular location. So, or whatever we were looking at 

is, monitoring current at one particular location. But if there is a requirement to monitor current 

over wide over a long region in a distributed manner, you could use what is called a polarization 

OTDR and this is a concept that was first introduced back in 1981. 
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So, this is actually march of 1981 (())(22:25) perspective optical fibers, started becoming, started 

becoming available only around that time, in the late 70s and 80s commercially. And so, even as 



the optical fiber became available, they started research with sensing. So, they did optical time 

domain reflectometry in 1981. And, to top that they also, Alan Rogers actually also introduced 

this concept of polarization, optical time domain reflectometry several decades ago, four decades 

ago, that is, that is quite amazing. 
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But, anyway, in this paper he talks about, first of all, how to accomplish OTDR that is the first 

part of the paper, but then it goes into polarization optical domain reflectometry. And essentially, 

you consider that light polarization to be elliptically polarized. So, whatever is back reflected, 

you look at it as, and the back reflection is because of rally scattering in the fiber. 



But you look at it, you model that as a elliptically polarized, and that is actually good reason, 

because, you start with the generic definition, and then you say the ellipticity, the aspect ratio 

goes to infinity, which means that one component is missing, the other component is prominent 

that is what we will consider as a linear polarization or of the ellipticity the aspect ratio equal to 

1, that will mean that both the components x and y components are equal and then that becomes 

a circular polarization. So, if you model it as an elliptically polarized wave, then it that can 

actually capture whatever is happening as far as other polarization states are concerned. 
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And it is interesting that a lot of these effects like Kerr effect, which is based on the light 

intensity, the light intensity changing the refractive index of the medium the Pockels effect 

which is dependent on an externally applied electric field changing the refractive index of the 

medium. The Faraday effect, we saw how a Faraday effect is actually corresponding to an 

externally applied magnetic field changing the state of polarization and you could also think of 

other elasto optic effects. 

All these alter the birefringence properties of the fiber and hence the polarization state of the 

propagating light. So, such polarization modifications can be detected to infer the magnitude of 

the external influence. So, you can think of something like simply measuring strain or 

temperature changes or you could measure electric field or magnetic field as quantities and or 

you could even measure some vibrations, we talked about intrusion detection from a perspective 



of phase modulated sensor and, back we were talking about distributed acoustic sensing and we 

said it could be useful for intrusion detection. 

Now, the same thing can be considered here as well, because any vibrations are going to end up 

perturbing the fiber and that will cause a change in the polarization. And by looking at 

polarization changes, you can actually infer, how much is the, what type of perturbation the fiber 

is getting subjected to? And of course, we are marrying the polarization modulators sensor with 

optical time domain reflectometry to achieve this polarization OTDR. 
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So, at the end of it, what you need is in the back reflected light you need to do a polarization 

analysis. So, previously we were either doing just say intensity analysis or a phase analysis, but 

now we are actually looking at polarization analysis. And of course, we looked at Brillouin 

sensors where we are doing a frequency analysis in that case, but as far as the polarization 

modulators sensor is concerned we do a polarization analysis which could involve actually doing 

a relative phase analysis between the two orthogonal polarized components. 

And that could also give you some idea of the kind of perturbation that has happened over here. 

So, in some ways you can say phase modulator sensors and polarization modulators sensors there 

is some meeting point between them, in other words polarization modulators sensor can be 

simply looked upon as a phase modulated sensor where we are looking at the phase between the 



two orthogonal components in this case. So, that is pretty much what I wanted to convey as far as 

polarization modulators sensors go. 

So, let us just go back here. And so, we come to a point where, we have gone a long way as far 

as this course is concerned. So, let us actually do a quick recap of what we have done overall in 

this course. So, we started all the way from basic definition of an optical sensor, and we 

identified that you need to have a source, you need to have a receiver and you may need some 

demodulation mechanism. 

But, you are trying to actually pick up changes in amplitude phase, wavelength or polarization. 

And then we started going back and looking at optical sources and then optical detectors. Then, 

we started considering noise in optical detectors. We started considering the receiver design, the 

optical receiver design and then we looked at the noise on optical receivers overall. 

And from there, we went on to looking at quantifying the performance metrics of our sensors in 

terms of the measurement range, the minimum detection limit, the sensitivity response time and 

accuracy as well as precision we understood what these quantities mean. And then we started 

looking at how to mitigate noise in your measurement. What are the common ways of doing that 

we looked at averaging, we looked at filtering, and then we looked at lock-in detection. 

And with that sort of information, we were, starting to look at amplitude modulated sensors. And 

amplitude modulated sensors are the simplest ones, because there is no demodulation 

mechanism, that is necessary, your optical receiver can directly pick up changes in amplitude or 

intensity. 

And we looked at examples of that. For example, we looked at this differential absorption 

spectroscopy and how it can be accomplished in a, in a fiber sensor. And then we looked at 

another example, which is pulse oximetry. Once again, we are looking at differential absorption 

spectroscopy in this case, and then we said you may want to do the sensing in a distributed 

manner. So, in which case you can actually go for an optical time domain reflectometry, we 

looked at the basic principles as far as OTDRs are concerned. 

And the trade-off between spatial resolution and the signal to noise ratio that you can get from 

your detection. And then we looked at some specific examples of a design of amplitude 



modulated sensor once again for a gas spectroscopy application. And then we went on to look at 

phase modulated sensors and we said instead of picking up changes in amplitude, you could pick 

up changes in phase and we recognize that phase modulated sensors are quite sensitive to 

perturbations. So, the phase is actually quite sensitive to perturbations. 

And then we looked at examples of phase modulators. So, we said, but phase is not directly 

picked up by a receiver. So, we needed an interferometer configuration to do the demodulation 

of phase to intensity changes. And one such example of the Michelson interferometer, which we 

started looking at an example of using that for optical coherence tomography. And we learned 

that there are several challenges as far as phase modulated sensors are concerned and we looked 

at how to overcome some of these challenges. 

So, we spent quite a bit of time learning this phase generated carrier technique for overcoming 

environmentally induced noise and doing a lock-in detection with respect to that looked at phase 

noise and optical sources. And, then we looked at another example, which is fiber optic 

gyroscope is based on this Sagnac interferometer. So, we spent a bit of time understanding how 

phase modulated sensor that can be implemented in the Sagnac configuration. And that could be 

useful for looking at fiber optic gyroscopes, the challenges in that and the performance 

limitations. 

And then we looked at combining a phase modulated sensor with an OTDR to do distributed 

sensing. So in this case, we looked at distributed acoustic sensing. And we realized that it may 

not be good to pick up absolute phase over long distances because of phase is evolving rapidly 

and it is susceptible to a lot of noise. But, it could be very good to pick up specific frequencies 

like acoustic frequencies. So, that is what we looked at. 

And then we went on to looking at wavelength modulated sensors, and we said wavelength 

modulators sensors are very robust to external perturbations, while propagation because the 

wavelength information once the whatever perturbation that we are interested in is encoded into 

change in wavelength, that change in wavelength is not going to be corrupted by any of the 

conventional noise sources. 

So, and we looked at the example of using a fiber Bragg grating for doing the sensing, we looked 

at what are the challenges, as far as that is concerned, we looked at specific examples, and then, 



we looked at how we can pick up changes in wavelength that is that is the integration of FBGs. 

We looked at various schemes as far as wavelength demodulation is concerned. 

And we said basically, for static cases or quasi static sensing a spectrum analysis is a very good 

approach especially if you want to do quasi distributed type of sensing over a long region. But, if 

you have only a requirement to for localized sensing, but you need to do that at much higher 

frequencies, we said the match filter technique can be quite useful. So, we looked at the 

performance limits of doing such sensing. 

And then we said one more if you wanted to do frequency modulation sensing or wavelength 

modulated sensing over long distances, that can be achieved using the stimulator Brillouin 

scattering phenomena. And we saw how changes in strain or temperature will cause a change in 

the acoustic velocity and based on that the Brillouin scattered frequencies will be changing. And 

we learned how to pick up that Brillouin frequency. 

And then we recently came to polarization modulated sensors, where again, we said that any 

perturbation to the propagation of electromagnetic wave can cause a change in the polarization of 

light and once again demodulation is a challenge. And we looked at the possibility of doing 

demodulation using a simple analyzer then going to a polarization diversity scheme. 

And we looked at the example of how this is performed using a fiber optic current sensor. And 

finally, we also looked at today, how this polarization modulated sensor concept can be married 

with OTDR to accomplish distributed sensing as well. So, with that, we are completing the 

course. 
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So, let us actually ask some bigger questions about what this course has meant. What were the 

learning objectives of the course, actually from my perspective, and hopefully you agree with 

that, first objective was to identify different types of optical fiber sensors and determine their 

performance characteristic. So, we looked at all these amplitude, phase, wavelength and 

polarization modulated sensors. What are the typical issues in making one of those sensors? And 

how to quantify their performance characteristics? That is, first learning objective. 

So, hopefully, you have learned how to do this by now. The second objective is to analyze a 

given sensing requirement and design an appropriate sensor. So, this is one of the key points as 

far as this course is concerned. So, you, we looked at some examples where you are asked to do 

say gas spectroscopy or a bridge monitoring system or distributed acoustic sensing and you are 

asked to design an appropriate sensor for this. 

And we have tried to use some examples to see how this can be done and some of your 

assignment your tutorial problems were emphasizing this, your final exam is going to be 

emphasizing this further. So, that is actually one of the things, I hope I have taught you how to 

do that, I would certainly look forward to understanding or seeing how you are able to do that in 

your final exam as well. 

And the third objective is realize and implement an optimal sensing solution for a given 

requirement. So, here we are talking about design of the sensor. And here we are talking about 



implementation of that sensor. Now, this is something that, unfortunately, cannot be done online. 

But, hopefully you guys can take this forward and look at the implementation phase. Some of 

you who are keen to do mini projects in this and then through that you understand how this 

implementation happens. 

But that is something that you will keep learning as you start as you keep working in this area 

further. So, maybe I will end with one quick understanding of how to analyze a given sensing 

requirement, how to design an appropriate sensor. So, what are the things that you consider when 

you are picking a sensor? 
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So, how to pick the right sensing technology? So, what do you do first? You look at the 

requirement and the requirement you ask the question whether it is point sensor or a distributed 

sensor. So, you can, basically see what that requirement is and of course, your entire sensing 

configuration is going to change based on whether you need information at only one point or in a 

distributed manner. 

And you also ask the question, whether it is a static or dynamic measurement requirement. So, if 

it is a static requirement or say it is a quasi-static requirement, like you can make this 

measurement over several seconds or minutes or even hours, you can take to make that 

measurement, then you can bring in a lot of this averaging into the picture and then you can try 

to improve your signal to noise ratio. 



But in the case of dynamic, you do not have any opportunity to do averaging type of effects. So, 

in dynamic cases, you need to do real time processing of your signal. So, sometimes the 

processing speed at the receiving end is the limitation as far as how fast measurement you can 

do. But we looked at the case of acoustic emission sensing for example, where we can pick up 

changes all the way up to megahertz that is that could be achieved using this matched filter 

technology. 

So, it is important to figure out what that requirement is and then look for an appropriate 

technology and you also want to ask, what is the quantity to be measured? So, when we talk 

about these quantities to be measured, we can say strain, temperature, some other physical 

quantities force, pressure, rotation as in the case of gyroscope and fields, electric and magnetic 

fields. 

So, you look at what is the quantity to be measured? And when you look at that you say for 

example, strain, can you measure strain changes with by looking at changes in amplitude? Yes. 

So, you step on a fiber that is going to change the amplitude ever so slightly so, if you can pick 

up that change, yes, you can you can possibly do that. Can you do that with phase? Absolutely. 

With wavelength? Yes. 

Polarization? Yes. So, you could use any one of these, but then the question is the cost to assess 

performance, this is the primary criteria that you use in determining which one to use. So, for 

example, if you say rotation, there is hardly anything else that can pick up rotation. So, there you 

would directly say Sagnac interferometer phase modulated sensor directly. So, there are some 

very clear cut cases. But there are other cases where multiple technologies multiple avenues can 

be pursued to achieve this sensing. 

Now how do you decide which one is the best for you? Well, so you essentially look at the cost 

to asses performance criteria. So, if you say from a perspective of cost, you say whether it is 

going to be simple or as in the case of say, amplitude modulated sensors are typically quite 

simple to implement. 

But on the other hand, if you say, if you want to do this with phase or polarization specifically 

with all this demodulation mechanism that we have, then that tends to be a bit complex. Because 



of all the things that we have to do for example of the phase modulator sensor you need to do this 

phase generated carrier technique and you need to be wary about the coherence of your source. 

So, in some cases you need a high coherence source, some cases you need a low coherence 

source and so on. So, it can be the other end of the spectrum, whereas wavelength modulated 

sensor is probably somewhere in between, that two. So, that is actually translates to cost, because 

if it is simpler to implement, then it could be a low-cost sensor. So, we can say that amplitude 

modulators sensors are typically low-cost sensors whereas this phase or polarization modulated 

sensors are going to cost you bit more. 

Then there is of course, this other issue with performance, where it, where these phase or 

polarization in approach, where that really scores is in terms of the performance. So, this is 

actually the most sensitive. So, you even some very small perturbations, strains in the level of 

nano strains can cause you, cause some significant changes in phase that we can pick up. 

Whereas, you cannot say the same about amplitude sensors, these are typically least sensitive. 

Unless you go for a very special application, like, we are looking at gas concentration. So, we are 

also looking at concentration of material. So, we are doing some absorption spectroscopy. So 

there it might be a very special case where it works, but in general for all these other physical 

parameters, it is not as sensitive. So, this is actually the performance perspective. So, you could, 

you could have a wide range with respect to this. 

And of course, wavelength would be somewhere in between, wavelength actually is like we 

talked about is very good from the perspective of its robustness with respect to noise. So, that 

may be very useful for certain application. So, you will have to consider all of this for the given 

requirement and then come up with your eventual solution. 

But hopefully through this course you have learned enough of the tools here, you learned to how 

to set up a problem and how to analyze for a given requirement and how to design a sensor based 

on that. So, with that, thank you for your attention as far as this course is concerned and wish you 

the very best for your future. 


