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Understanding Polarization 
 
1. Introduction 

Polarization is a fundamental property of light.  While many optical applications are based 

on systems that are “blind” to polarization, a very large number are not.  Some applications rely 

directly on polarization as a key measurement variable, such as those based on how much an 

object depolarizes or rotates a polarized probe beam.  For other applications, variations due to 

polarization are a source of noise, and thus throughout the system light must maintain a fixed 

state of polarization – or remain completely depolarized – to eliminate these variations.  And for 

applications based on interference of non-parallel light beams, polarization greatly impacts 

contrast.  As a result, for a large number of applications control of polarization is just as critical 

as control of ray propagation, diffraction, or the spectrum of the light. 

Yet despite its importance, polarization is often considered a more esoteric property of light 

that is not so well understood.  In this article our aim is to answer some basic questions about 

the polarization of light, including:  what polarization is and how it is described, how it is 

controlled by optical components, and when it matters in optical systems. 

 

2. A description of the polarization of light 

To understand the polarization of light, we must first recognize that light can be described as 

a classical wave.  The most basic parameters that describe any wave are the amplitude and the 

wavelength.  For example, the amplitude of a wave represents the longitudinal displacement of 

air molecules for a sound wave traveling through the air, or the transverse displacement of a 

string or water molecules for a wave on a guitar string or on the surface of a pond, respectively.  

We will refer to the amplitude of a light wave with the letter “E.”  The amplitude of a light wave 

represents the potential for a charged particle (such as an electron) to feel a force – formally it 

may represent the “electric field” of an electromagnetic wave.  Because this potential vibrates 

along the directions transverse to the direction the wave is traveling, light is a “transverse wave,” 

just like the waves on a string or water surface. 

Because light is a transverse wave, and because there are two transverse dimensions, 

there are fundamentally two distinct directions in which the light wave may oscillate.  Let’s call 

these the x and y directions for a light wave traveling along the z direction.  We’ll call the two 

distinct waves Ex and Ey, where we denote these by vectors to remind us that they point in (or 

oscillate along) a certain direction (the x and y directions, respectively). 

The amplitude of the light wave describes how the wave propagates in position and time.  

Mathematically, we can write it as a “sine wave” where the angle of the sine function is a linear 
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combination of both position and time terms: 
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where A is called the “amplitude factor,” the variable  (“lambda”) is the “wavelength” (units of 

nm), and the variable  (“nu”) is the “frequency” (units of Hz, or sec–1).  If a snapshot of the wave 

could be taken at a fixed time,  would be the distance from one wave peak to the next.  If one 

sits at a fixed point in space and counts the wave peaks as they pass by,  gives the frequency 

of these counts, or 1/ gives the time between peaks.  The sign between the position and time 

terms determines the direction the wave travels:  when the two terms have the opposite sign 

(i.e., the “–” sign is chosen), the wave travels in the positive z direction. 

For convenience we often use two new variables called the “wavenumber” k = 2/ and the 

“angular frequency”  = 2 (“omega”), which absorb the factor of 2, so that the wave 

amplitude can now be written more compactly as 

   tkzAtxE  sin, . 

Using this description of a single transverse orientation of a light wave, we can now consider 

multiple orientations to describe different states of polarization. 

 

a. Linear polarization – equal amplitudes 

Here is an example of the two waves Ex and Ey viewed in a “fixed time” picture (say at t = 0): 
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Ey = yAsin(kz - t)

Ex = xAsin(kz - t)

 

The amplitude E, or the potential for a charged particle to feel a force, is vibrating along both the 

x and y directions.  An actual charged particle would feel both of these fields simultaneously, or 

it would feel 

   tkzA  sinyxEEE yx . 

If we look down the propagation axis in the positive z direction, the vector E at various locations 

(and at t = 0) looks like: 
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That is, E appears to oscillate along a line oriented at 45˚ with respect to the x axis.  Hence this 

situation is called linear polarization. 

Notice that equivalently we could view the wave at a particular location (“fixed position”) and 

watch its amplitude evolve with time.  Suppose we sit at the position z = 0.  Then we see that 

   tA 2sinyxEEE yx   

which looks like: 
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The amplitude oscillates back and forth along the same 45˚ line as time evolves. 

 

b. Linear polarization – unequal amplitudes 

What if the two components Ex and Ey  have unequal amplitude factors?  We can see that 

the light wave is still linearly polarized. 
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If yx AA  , the total waveEis linearly polarized, but it is no longer oriented at 45˚ with respect 

to the x axis.  In fact we can see that it is oriented at an angle  where 

xA

Ay
tan . 

In other words, if we look down the propagation axis in the positive x direction, the vector E at 

various locations (and at t = 0) now looks like: 
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c. Circular polarization 

Suppose the two components have equal amplitudes again, but now consider the case 

where these two components are not in phase, such that the angles of the sine functions are 

different.  In particular, suppose there is a constant phase difference of /2 between them, 

which corresponds to a distance of /4 in the “fixed time” picture.  The x component is 

 2sin   tkzAxEx  

while the y component is as before 

 tkzA  sinyEy . 

This case looks like: 
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To understand what is going on physically, again look down the z axis (at time t = 0). 
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We can see that the tip of E traces out a circle as we follow the wave along the z axis at a 

fixed time.  Similarly, if we sit at a fixed position, the tip of E appears to trace out a circle as time 

evolves.  Hence this type of polarization is called circular polarization. 
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d. Elliptical polarization 

All of the states of polarization described above are actually special cases of the most 

general state of polarization, called elliptical polarization, in which the tip of the electric field 

vector E traces out an ellipse in the x-y plane.  The two components might have unequal 

amplitudes yx AA  , and also might contain a different relative phase, often denoted .  That is, 

we may write generally 

   tkzAx sinxEx  

while the y component is as before 

 tkzAy  sinyEy , 

and where, as before, E = Ex + Ey.  The three special cases described in sections a, b, and c 

above thus correspond to:  (a) yx AA   and  = 0 (linear polarization; equal amplitudes); (b) 

yx AA   and  = 0 (linear polarization; unequal amplitudes); and (c) yx AA   with  = –/2 

(circular polarization).  Some other examples of more general states of elliptical polarization are 

shown below. 



 
 
 

6 

 

y

x

y

x

y

x

E E
E

Ax = Ay
 ≠ 0, ± /2

Ax ≠ Ay
 = ± /2

Ax ≠ Ay
 ≠ 0, ± /2

A

A

 = 45
°

Ax Ax

Ay Ay

E

 = 90°

 

 

3. Changing the polarization of light 

Unpolarized light can be polarized using a “polarizer” or “polarizing beamsplitter,” and the 

state of already polarized light can be altered using a polarizer and/or optical components that 

are “birefringent.”  In this section we explore some examples of these types of components. 

 

a. Polarizers and polarizing beamsplitters 

A polarizer transmits only a single orientation of linear polarization, and blocks the rest of the 

light.  For example, a polarizer oriented along x passes Ex and blocks Ey. 

Linear Polarizer oriented along x
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Some polarizers eliminate the non-passed polarization component (Ey in the above example) by 

absorbing it, while others reflect this component.  Absorbing polarizers are convenient when it is 

desirable to completely eliminate one polarization component from the system.  A disadvantage 

of absorbing polarizers is that they are not very durable and may be damaged by high intensity 

light (as found in many laser applications). 

When a reflective polarizer is operated in such a way that the blocked (i.e., reflected) 

polarization component is deflected into a convenient direction, such as 90˚ relative to the 

transmitted polarization component, then the polarizer acts like a polarizing beamsplitter, as 

shown below. 
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Most polarizing beamsplitters are very efficient polarizers for the transmitted light (i.e., the ratio 

of desired to undesired polarization is very high); however, the reflected light generally contains 

some of both polarization components. 

How does a polarizer work?  There are different ways of making a polarizer, and they are 

not described in detail here (see [1] for more examples).  However, as an example consider one 

of the most popular absorbing polarizers:  the well-known Polaroid “H-Sheet.”  This polarizer, 

invented by E. H. Land in 1938, is a plastic, Poly-Vinyl Alcohol (PVA) sheet that has been 

heated and then stretched in one direction, forming long, nearly parallel hydrocarbon molecule 

chains.  After dipping the sheet into an iodine-rich ink, long iodine chains form along the hydro-

carbon molecules.  Electrons freely move along the iodine chains, but do not easily move 

perpendicular to the chains.  This ability for electrons to move freely in one direction but not the 

perpendicular direction is the key principle upon which most absorbing polarizers are based. 

e-

Ey

Ex Ex

 

When the electric field of a light wave encounters the sheet, the component parallel to the 

chains causes electrons to oscillate along the direction of that component (Ey in the above 

example), thus absorbing energy and inhibiting the component from passing through the sheet.  

Because electrons can not respond to the other component (Ex), it is readily transmitted. 

 

b. Birefringence 

Some materials have a different index of refraction for light polarized along different 

directions.  This phenomenon is called birefringence.  For example, suppose light polarized 
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along the x direction sees an index of nx, while light polarized along the y direction sees an index 

ny.  Now suppose linearly polarized light passes through a piece of such a material of length L, 

where the linear polarization axis is oriented at 45˚ with respect to the x and y axes.  The fixed 

time picture thus looks like: 

 

L

Circularly PolarizedLinearly Polarized

z

x

Ey

Ex

y

 

We can see that in general the light emerges in a different state of elliptic polarization.  In fact, 

for the example illustrated above, the particular choice of L for a given difference between nx 

and ny causes the linearly polarized light at the input end to be converted to circularly polarized 

light at the other end of the birefringent material.  How did this happen? 

Let’s look at the math.  Consider the phases accumulated by the two component waves as 

they travel through the birefringent material.  The waves can be described by 







  tznA x 

2

sinxEx  and 





  tznA y 

2

sinyEy . 

After traveling a length L, the waves have accumulated respective phases of 

Lnxx 
 2

  and Lnyy 
 2

 . 

If the difference between the two phase values is /2, then the wave emerging from the material 

(say into air) will be circularly polarized.  This occurs when 
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  LnLnn xyzy  

or when 

n L 

4

. 

Because of this relationship, a material with birefringence n of the appropriate thickness L to 

convert linear polarization to circular polarization is called a quarter-wave plate. 

What causes materials to be birefringent?  Some materials, especially crystals, are naturally 

anisotropic at microscopic (sub-wavelength) size scales.  For example, Calcite (CaCO3) is 

shown in the drawing below.  The structure, and hence the response to polarized light, along the 
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c direction is markedly different than that along the a and b directions, thus leading to a different 

index of refraction for light polarized along this direction. 
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Other materials are nominally isotropic, but when they are bent or deformed in some way, they 

become anisotropic and therefore exhibit birefringence.  This effect is widely used to study the 

mechanical properties of materials with optics. 

 

4. Effects of reflection and transmission on polarization 

The polarization of light reflected and transmitted at an interface between two media or at a 

thin-film multilayer coating can be altered dramatically. These two cases are considered below. 

 

a. Polarization dependence of light reflected or transmitted at an interface 

When light is incident on an interface between two different media with different indexes of 

refraction, some of the light is reflected and some is transmitted.  When the angle of incidence is 

not normal, different polarizations are reflected (and transmitted) by different amounts.  This 

dependence was first properly described by Fresnel, and hence it is often called “Fresnel 

Reflection.”  It is simplest to describe the polarization of the incident, reflected, and transmitted 

(refracted) light in terms of a vector component perpendicular to the plane of incidence, called 

the “s” component, and a component parallel to the plane of incidence, called the “p” 

component.  The “plane of incidence” is the plane which contains the incident ray and the 

transmitted and reflected rays (i.e., all of these rays lie on one plane).  In the example in the 

diagram below, the plane of incidence is the plane containing the x and z axes.  That is, Es || y, 

while Ep lies in the x-z plane.  
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The angle of the reflected ray, r, is always equal to the angle of the incident ray, I; this result is 

called the “law of reflection.”  The angle of the transmitted (or refracted) ray, t, is related to the 

angle of incidence by the well-known “Snell’s Law” relationship:  ttii nn  sinsin  .  

It turns out that s-polarized light is always more highly reflected than p-polarized light.  In 

fact, at a special angle called “Brewster’s Angle,” denoted B, the p-polarized component sees 

no reflection, or is completely transmitted.  Brewster’s angle is given by  itB nnarctan .  The 

power or intensity reflection coefficients for a light wave (i.e., the squares of the amplitude 

reflection coefficients) for air-to-glass (left) and glass-to-air (right) look like: 
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The Fresnel reflection coefficients for non-normal incidence are given by the equations 
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Notice from the graph above on the right that for the case of reflection from a higher-index 

region to a lower-index region (in this case glass-to-air, or ni = 1.5 and nt = 1.0), the reflectivity 

becomes 100% for all angles greater than the “critical angle”  itc nnarcsin  and for both 

polarizations.  This phenomenon is known as “Total Internal Reflection” (TIR). 

For angles of incidence below the critical angle only the amplitudes of the different 

polarization components are affected by reflection or transmission at an interface.  Except for 

discrete changes of  (or 180˚), the phase of the light is unchanged.  Thus, the state of 

polarization can change in only limited ways.  For example, linearly polarized light remains 

linearly polarized, although its orientation (angle ) may rotate.  However, for angles greater 
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than c, different polarizations experience different phase changes, and thus TIR can affect the 

state of polarization of a light wave in the same way birefringence does.  Thus linearly polarized 

light may become elliptical, or vice versa, in addition to changes in the orientation. 

 

b. Polarization dependence of light reflected or transmitted at a multilayer thin-film coating 

Multilayer thin-film coatings have a large number of interfaces, since they are generally 

comprised of alternating layers of a high- and low-index layer materials.  The fraction of incident 

light intensity Iin that is reflected (IR) and transmitted (IT) through a thin-film coating can be 

calculated from the indexes of refraction and the precise thicknesses of each layer.  These 

intensity reflection and transmission functions R() and T(), respectively, generally depend 

strongly on the wavelength of the light, because the total amount of light reflected from and 

transmitted through the coating comes from the interference of many individual waves that arise 

from the partial reflection and transmission at each interface.  That is why optical filters based 

on thin-film coatings are called “interference filters.” 

Iin

filter

IR = R()Iin
IT = T()Iin

 

 

When an optical filter is used at a non-normal angle of incidence, as is common with so-

called “plate beamsplitters,” the filter can impact the polarization of the light.  If the incident light 

is incoherent and unpolarized, and the optical system is “blind” to polarization, the standard 

intensity reflection and transmission functions R() and T() may be determined for the new 

angle of incidence, and they are sufficient to characterize the two emerging beams. 

Iin

dichroic

IR = R()Iin

IT = T()Iin
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However, if the optical system is in any way sensitive to polarization, even when the incident 

light is unpolarized, it is important to recognize that the beamsplitter can transmit and reflect 

different amounts of the “s” and “p” polarization states, as shown below. 

 

Is,T = Ts()Iin

Is,R = Rs()Iin

Ip,T = Tp()Iin

Ip,R = Rp()Iin

Iin

 

 

The amount of light output in each polarization state can be determined by simply breaking up 

the incident light into its two polarization components (s and p), and then calculating how much 

of each intensity is transmitted and reflected.  For systems based on incoherent light, this level 

of detail is usually sufficient to keep track of the impacts of components like optical filters on 

polarization. 

For some optical systems – particularly those based on coherent light and that utilize or are 

sensitive to interference effects, for example – the complete state of polarization should be 

tracked at every point through the system.  In that case, it is important to understand that optical 

filters based on multilayer thin-film coatings not only reflect and transmit different amounts of 

intensity for the s and p polarization states, but also impart different phases to the two different 

states.  And both the amplitude and phase contributions can depend strongly on the wavelength 

of light.  Thus, in general, an optical filter can act like the combination of a partial polarizer and a 

birefringent waveplate, for both reflected and transmitted light. 

To determine the effect of an optical filter on the light in such a system, the incident light 

should first be broken up into the two fundamental components associated with the plane of 

incidence of the filter (s and p components).  Then, the amplitude and phase responses of the 

filter for the s and p components should be applied separately to each of the incident light 

components to determine the amplitudes and phases of the reflected and transmitted light 

components.  Finally, the reflected s and p components can be recombined to determine the 

total reflected light and its state of polarization, and likewise for the transmitted light.  These 

steps are illustrated in the diagram below. 
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Es,t = ts()eifs,t()Es,in

Es,r = rs()eifs,r()Es,in

Ep,t = tp()eifp,t()Ep,in

Ep,r = rp()eifp,r()Ep,in

IT = |Et|2

IR = |Er|2

Iin = |Ein|2

Es,in

Ep,in  

 

Because the polarization response of a tilted multilayer thin-film coating can be very strong, 

optical filters can make excellent polarizers.  For example, a basic edge filter at a high angle of 

incidence exhibits “edge splitting” – the edge wavelength for light at normal incidence shifts to a 

different wavelength for p-polarized light than it does for s-polarized light.  As a result, there is a 

range of wavelengths for which p-polarized light is highly transmitted while s-polarized light is 

highly reflected, as shown below. 
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It is also possible to take advantage of an appreciable difference in reflected or transmitted 

phase for p- and s-polarized light over a region of the spectrum where the reflected and 

transmitted intensities are essentially equal, thus forming a waveplate. 
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5. Concluding remarks 

Polarization is a critical property of light for many optical systems and applications.  This 

brief tutorial summarizes some of the most basic aspects of polarization, including how it is 

described, the impact of polarizing and birefringent elements on light, and how optical interfaces 

and filters can change the polarization of light. 
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