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Deriving the Fresnel Equations in the framework of Maxwell equations
The Fresnel equations relate the amplitudes, phases, angle of incidence, and polarizations of the
transmitted and reflected waves that emerge when light enters an interface between two dielectric
media with different indices of refraction, to the corresponding parameters of the incident waves.
These equations were derived by Augustin-Jean Fresnel in between 1823-1827 as a part of his
comprehensive wave theory of light. However, the Fresnel equations are fully consistent with the
rigorous treatment of light in the framework of Maxwell equations of electromagnetic theory.
Electromagnetic theory predicts the ratio of the intensity of the reflected light to the intensity of
the incident light. The polarization of the light with respect to the plane of reflection must be taken
into account. There are two cases: (1) the electric field is perpendicular to the plane of incidence,
called Transverse Electric (TE) or s-polarized light, and (2) the magnetic field is perpendicular
to the plane of incidence (electric field is in the plane of incidence), Transverse Magnetic (TM)
p-polarized light.

Figure 1: TE and TM reflections.

DERIVATION
(i) P-polarized (TM) light, oblique incident
To derive the Fresnel equations, consider two optical media separated by an interface, as shown in
Fig. 2. A plane optical wave is propagating toward the interface with wave vector !" oriented at
angle #" with respect to the inter- face normal. The electric field amplitude of the wave is given by
$" . On incidence onto the interface, this wave will be partially transmitted and partially reflected.
The transmitted wave will propagate at angle #% which is determined by Snell’s law: &' ()&#" =
&+ ()&#, . where &' and &+ are the refractive indices of the two media. $, and $, , are the amplitude
of the reflected and transmitted light, respectively.
The incident wave is p-polarized and due to symmetry the transmitted and reflected waves will
have the same polarization. Because the $, -, and ! vectors must form a right- handed triad for
each of the waves, the directions of all field vectors are uniquely defined up to a sign convention,
which is chosen as illustrated in Fig. 2.

Figure 2: Field vectors of the incident, transmitted, and reflected waves in case the electric field
vectors lie within the plane of incidence (p-polarization).
The boundary condition for the electric field then becomes
$" /0(#" + $, /0(#, = $% /0(#%
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For the magnetic field, which is collinear in all three waves, this condition takes the form
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From Maxwell equation the relation between the amplitudes of electric and magnetic field is
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where 5 and 6 are the electric permittivity and magnetic permeability, respectively, of the material
in which the wave propagates. Since the index of refraction of a material is given by & = / 56,:
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And equation 2 becomes
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Combining equation (1) and (5), the Fresnel equations for p-polarized wave
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For nonmagnetic materials 6' = 6+ = 6E and using Snells’ law
:
JKL(G; ?G> )
AB = @ = −

(8)

IB =

(9)

:;
:>
:;

=

JKL(G; HG> )
+F"8G; <EFG>

OPL(G; HG> ) QRO(G; ?G> )

For s-polarized light, as shown in Fig. 3, the boundary conditions are
$" + $, = $%
−-" /0(#" + -, /0(#, = −-% /0(#%
The Fresnel equations for s-polarized wave
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For nonmagnetic materials 6' = 6+ = 6E and using Snells’ law
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Reflection and Transmission coefficient
For most practical purposes, the reflection and transmission coefficients for the intensity,
rather than field amplitudes, are of interest.
The reflection coefficients
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Figure 3: Field vectors of the incident, transmitted, and reflected waves in case the electric
field vectors perpendicular to the plane of incidence (s-polarization).

Figure 4: Intensity reflectivities of the S- and P-polarization components at the interface of
vacuum and glass with the index of refraction of 1.5.

A graph of the reflectivities (Eqs. 16, 17) for the vacuum– glass interface as a function of the angle
of incidence is illustrated in Fig. 4. At normal incidence, the S- and P-polarized waves are
physically identical and have the same reflectivity of about 4%. At an incidence angle of #" = 90°,
all of the incident light is reflected, so the interface acts as a mirror.

Brewster’s effect
By analyzing Eq. 17 and Fig. 4, it is observed that the reflectivity for the wave polarized in the
plane of incidence vanishes when #" + #% = 90° so the denominator in the right-hand side of Eq.
17 becomes infinite. At this point, all incident light that is polarized parallel to the plane of
incidence is transmit- ted. If the incident wave has both polarization components (or its
polarization is random), the reflected wave is completely s-polarized.
The value of the angle of incidence at which this occurs is known as Brewster’s angle #[ .
Writing Snell’s law at Brewster’s angle:
\
&' ()&#[ = &+ ()&#% = &+ ()&( − #[ ) = &+ /0(#[
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which is referred to as Brewster’s law. Brewster’s law may be understood by the following
intuitive argument (Fig. 5). Consider an interface between vacuum and glass. The reflected
wave is generated by elementary molecular dipoles inside the glass that are excited by the
transmitted wave. These oscillations are parallel to the electric field in this wave. But when

the transmitted and reflected wave vectors are directed at a right angle to each other, the
electric field in the transmitted P-polarized wave, and hence the elementary dipoles inside
the glass, oscillate parallel to ! A. Hence, the dipoles would have to excite a wave
propagating in the same direction as the direction of their oscillation, and this is impossible
because the electromagnetic wave is transverse.

Figure 5: Reflection and transmission at Brewster’s angle. The arrows correspond to the
electric field vectors.

Phase of the reflected Wave
For the direction of the incident wave close to normal, we find the amplitude reflectivities (Eqs.
8 and 14) to be negative if n1 < n2 (if the sign convention of Figs. 1 and 2 is used).
This implies that the phase of the wave shifts by 180° when reflection from a medium with a higher
index of refraction occurs. For the s-polarization case, the amplitude reflectiv- ity has the same
sign for all incidence angles; for the p-polarization, it changes sign when the angle of incidence
exceeds Brewster’s angle.
Because the amplitude transmission coefficients are always positive, the transmitted wave does
not experience any phase shift with respect to the incident wave.

