A Linearly Polarized Uniform Plane Wave
Traveling In Free Space Is Incident Normally
Upon A Flat Dielectric

Introduction

A linearly polarized uniform plane wave traveling in free space is incident normally upon a
flat dielectric surface is a fundamental scenario in electromagnetics, relevant to a wide range of
applications including antenna design, microwave engineering, optical coatings, and remote sensing.
Understanding the behavior of such waves as they encounter dielectric interfaces is crucial for
predicting reflection, transmission, and absorption phenomena. This article provides a comprehensive
analysis of the physics involved, the boundary conditions at the dielectric interface, and the resulting
electromagnetic fields. We will explore the wave's propagation characteristics, the nature of the
reflected and transmitted waves, and the factors influencing their amplitudes and phases.

Fundamentals of Plane Wave Propagation in Free
Space

Characteristics of a Uniform Plane Wave

e Definition: A uniform plane wave is a wave with electric and magnetic fields that are uniform
in planes perpendicular to the direction of propagation.

* Propagation Direction: The wave propagates in a specific direction, here taken as the z-axis
for simplicity.

» Polarization: The electric field vector oscillates linearly in a fixed plane, which we assume to
be the x-direction for this analysis.

* Wave Equation: In free space, the wave satisfies the homogeneous wave equation, with phase
velocity \(c\) (speed of light in vacuum).

Mathematical Representation in Free Space

The incident plane wave can be expressed as:

\ [
\mathbf{E} i(z, t) = \mathbf{E} 0 e~{j(k z - \omega t)} \hat{x}
\]



\ [
\mathbf{H} i(z, t) = \frac{l}{\eta 0} \mathbf{E} 0 e~{j(k z - \omega t)}

\hat{y}
\1

where:
e \(\mathbf{E} 0\): Amplitude of the electric field.
* \(\eta_0\approx 377\, \Omega\): Intrinsic impedance of free space.
¢ \(k = \frac{\omega}{c}\): Wavenumber in free space.

* \(\omega\): Angular frequency.

Interface Between Free Space and Dielectric

Properties of the Dielectric Material

e Permittivity: \(\varepsilon_r \varepsilon_0\), where \(\varepsilon_r\) is the relative permittivity of
the dielectric.

e Permeability: Assumed to be \(\mu_0\) (non-magnetic dielectric).

e Refractive index: \(n = \sqgrt{\varepsilon_r}\).

Geometry of Incidence

The wave strikes the dielectric interface at \(z=0\) with normal incidence, meaning the wave vector is
perpendicular to the surface. The incident wave propagates along the positive z-axis, with the
interface at \(z=0\), the dielectric occupying \(z > 0\), and free space for \(z < 0\).

Boundary Conditions at the Dielectric Interface

Maxwell's Boundary Conditions

At the interface \(z=0\), the tangential components of the electric and magnetic fields must be
continuous:

e \(\hat{z} \times (\mathbf{E} \text{above} - \mathbf{E} \text{below}) = 0\)



e \(\hat{z} \times (\mathbf{H} \text{above} - \mathbf{H} \text{below}) = \mathbf{J} s\)

Since there are no free surface currents (\(\mathbf{J} s=0\)), the tangential fields are continuous
across the boundary:

\ [

\mathbf{E} {t,\text{free}}
\1

\ [

\mathbf{H} {t,\text{free}}
\1]

\end{pre>

\mathbf{E} {t,\text{dielectric}}

\mathbf{H} {t,\text{dielectric}}

Implications for the Fields

e The electric field component in the x-direction remains continuous
across the interface.

e The magnetic field component in the y-direction also remains continuous.

Reflected and Transmitted Waves

Form of the Fields

At \(z=0\), the total fields are a superposition of incident and reflected
waves in free space, and a transmitted wave in the dielectric:

\ [

\mathbf{E} \text{total} = \mathbf{E} i + \mathbf{E} r \quad \text{(in free
space, }z<O\text{)}

\1

\ [

\mathbf{E} t \quad \text{(in dielectric, }z>0\text{)}

\1

\end{pre>

Similarly for magnetic fields:

\[



\mathbf{H} \text{total} = \mathbf{H} i + \mathbf{H} r \quad \text{(in free
space)}

\1

\ [

\mathbf{H} t \quad \text{(in dielectric)}

\1]
\end{pre>

Expression for the Fields

e Incident wave (\(z<0\)): \(\mathbf{E} i = E 0 e*{j(k 0 z - \omega t)}
\hat{x}\)

» Reflected wave (\(z<0\)): \(\mathbf{E} r = E r e*{j(-k 6 z - \omega t)}
\hat{x}\)

e Transmitted wave (\(z>0\)): \(\mathbf{E} t = E t e*{j(k 1 z - \omega t)}
\hat{x}\)

Where \(k 0 = \frac{\omega}{c}\) in free space, and \(k 1 =
\frac{\omega}{v d} = \frac{\omega}{c/\sqrt{\varepsilon r}} = \frac{\omega
\sqrt{\varepsilon r}}{c}\).

Reflection and Transmission Coefficients

Derivation of Coefficients

The continuity of tangential fields at \(z=0\) leads to the Fresnel equations
for normal incidence:

\ [
r = \frac{E r}{E 0}
\1
\ [
t = \frac{E _t}{E 0}
\1

\frac{\eta 1 - \eta 2}{\eta 1 + \eta 2}

\frac{2 \eta 2}{\eta 1 + \eta 2}

where:



e \(\eta 1 = \eta 0 = 377\, \Omega\): Intrinsic impedance of free space.

e \(\eta 2 = \frac{\eta 0}{\sqrt{\varepsilon r}}\): Intrinsic impedance of
the dielectric.

Reflection and Transmission Coefficients in Terms of
Material Properties

e Reflection coefficient magnitude: \(\left| r \right| = \left|
\frac{\eta_1 - \eta_2}{\eta_1 + \eta_2} \right|\)

e Transmission coefficient magnitude: \(\left| t \right| = \left| \frac{2
\eta 2}{\eta 1 + \eta 2} \right]\)

Field Distributions in Space

Region \(z<0\) (Free Space)

e Electric field: \(\mathbf{E}(z, t) = E 0 e*{j(k O z - \omega t)} \hat{x}
+ r EOe™{j(-k O z - \omega t)} \hat{x}\)

e Magnetic field: \(\mathbf{H}(z, t) = \frac{E 0}{\eta 0} e~{j(k 0 z -
\omega t)} \hat{y} - r \frac{E 0}{\eta 0} e~{j(-k @ z - \omega t)}
\hat{y}\)

Region \(z>0\) (Dielectric)

e Electric field: \(\mathbf{E}(z, t) =t E 0 e



Frequently Asked Questions

What is the nature of the electric field in a
linearly polarized uniform plane wave traveling
in free space?

The electric field is a uniform, sinusoidally varying vector that
oscillates linearly along a fixed direction perpendicular to the
direction of wave propagation.

How does the incident wave behave when it
encounters a flat dielectric interface at normal
incidence?

The wave partially reflects and partially transmits into the dielectric,
with the reflection and transmission determined by the dielectric's
permittivity and the wave's polarization.

What boundary conditions are applied at the
interface between free space and a dielectric for
a plane wave?

The tangential components of the electric and magnetic fields must be
continuous across the boundary, ensuring proper matching of the
incident, reflected, and transmitted fields.

How does the polarization of the wave affect the
reflection and transmission coefficients at the
dielectric interface?

For a linearly polarized wave, the Fresnel equations dictate that the
reflection and transmission coefficients depend on the polarization; at
normal incidence, these coefficients are the same for any linear
polarization.



What is the significance of the wave impedance in
the context of a plane wave incident on a
dielectric?

The wave impedance determines the ratio of the electric to magnetic
fields; mismatches between free space and dielectric impedances cause
partial reflection and transmission of the wave.

How can the transmitted wave's amplitude and
phase be calculated when a plane wave passes from
free space into a dielectric?

Using the Fresnel transmission coefficients, which depend on the
dielectric's permittivity and the incident wave's polarization, we can
compute the transmitted wave's amplitude and phase shift.

Is there any change in the polarization state of
the wave after transmission through the
dielectric at normal incidence?

No, at normal incidence, the polarization of the wave remains unchanged
because the electric field remains linearly polarized in the same
direction.

How does the dielectric constant of the material
influence the transmitted wave in the scenario?

A higher dielectric constant increases the refractive index, reducing
the transmitted wave's speed, potentially causing a phase shift, but the
wave remains linearly polarized at normal incidence.

What is the role of the incident angle in the
behavior of the wave at the dielectric interface?

At normal incidence, the incident angle is zero, simplifying the
boundary conditions; oblique angles introduce additional complexities
such as polarization-dependent reflection and transmission (e.g.,



Brewster angle).

How do the concepts of reflection and
transmission apply in practical applications
involving dielectric materials and
electromagnetic waves?

Understanding reflection and transmission at dielectric interfaces is
essential in designing optical coatings, antenna systems, waveguides,
and other electromagnetic devices to control signal propagation and
minimize losses.

Additional Resources

A Linearly Polarized Uniform Plane Wave Traveling In Free Space Is
Incident Normally Upon A Flat Dielectric

In the realm of electromagnetics and wave propagation, understanding the
interaction between electromagnetic waves and various media is
fundamental to numerous scientific and engineering applications. One
particularly instructive scenario involves a linearly polarized uniform
plane wave traveling through free space and incident normally upon a
flat dielectric interface. This situation encompasses core principles of
wave reflection, transmission, polarization, and boundary conditions
that underpin technologies such as antennas, optical fibers, microwave
engineering, and remote sensing. This article offers a comprehensive
exploration of this phenomenon, dissecting its theoretical
underpinnings, mathematical formulations, practical implications, and
the nuances that influence real-world applications.

Understanding the Basic Concepts

Electromagnetic Plane Waves in Free Space

In free space, electromagnetic waves propagate without interference from
media, characterized by their electric (E) and magnetic (H) fields



oscillating perpendicular to each other and to the direction of
propagation. A plane wave is an idealized wave where the electric and
magnetic fields are uniform and planar over any given wavefront. These
waves can be described mathematically as:

\ [
\mathbf{E}(z, t)
\1
\ [
\mathbf{H}(z, t)
\1]

\mathbf{E} 0 \cos(kz - \omega t + \phi E)

\mathbf{H} 0 \cos(kz - \omega t + \phi H)

where:

- \(\mathbf{E} 0\) and \(\mathbf{H} O\) are the amplitude vectors,
- \(k\) is the wave number (\(k = 2\pi/\lambda\)),

- \(\omega\) is the angular frequency,

- \(z\) is the direction of propagation,

- \(\phi E\) and \(\phi H\) are phase constants.

In free space, the intrinsic impedance \(\eta 0 \approx 377\, \Omega\)
relates the electric and magnetic field amplitudes:

\ [
\eta 0 = \frac{E O0}{H 0}
\1

This impedance plays a crucial role in wave interactions at media
boundaries.

Linearly Polarized Waves

A wave is linearly polarized when its electric field oscillates in a
single plane. For instance, if the electric field oscillates along the
x-axis, the wave can be expressed as:

\ [
\mathbf{E}(z,t) = E 0 \hat{\mathbf{x}} \cos(kz - \omega t)
\1

Correspondingly, the magnetic field is perpendicular to the electric
field and the direction of propagation (along z), following the right-
hand rule:

\ [
\mathbf{H}(z,t) = \frac{E 0}{\eta 0} \hat{\mathbf{y}} \cos(kz - \omega
t)
\1]



The specific polarization direction affects how the wave interacts with
boundaries and media interfaces.

The Dielectric Interface

A dielectric is a non-conducting medium characterized by its dielectric
constant \(\varepsilon r\) (relative permittivity). When a wave
encounters a boundary between free space (\(\varepsilon 0\)) and a
dielectric (\(\varepsilon = \varepsilon r \varepsilon 0\)), part of the
wave is reflected, and part is transmitted. The boundary conditions
governing these interactions are derived from Maxwell’s equations and
are crucial for analyzing reflection and transmission phenomena.

Normal Incidence on a Flat Dielectric
Surface

Setup of the Problem

Consider a uniform, linearly polarized plane wave traveling in free
space along the z-axis, incident normally upon a flat, infinite
dielectric interface located at \(z = 0\). The incident wave has
electric field:

\ [
\mathbf{E} i(z,t) = E {i0} \hat{\mathbf{x}} \cos(k 1 z - \omega t)
\1]

where \(k 1 = \frac{\omega}{c}\) (with \(c\) as the speed of light in
free space). The transmitted wave propagates into the dielectric medium
(\(z > 0O\)) with:

\ [
\mathbf{E} t(z,t) = E {t0} \hat{\mathbf{x}} \cos(k 2 z - \omega t)
\1]

with \(k 2 = \frac{\omega}{v}\), where \(v = ¢ / \sqrt{\varepsilon r}\)
is the wave speed in the dielectric.



Electromagnetic Boundary Conditions and
Reflection/Transmission Coefficients

Boundary Conditions at the Interface

Maxwell's equations impose specific boundary conditions at the interface
\ (z=0\):

1. Continuity of the tangential electric field:

\ [

\mathbf{E} {i,\text{tan}} + \mathbf{E} {r,\text{tan}}
\mathbf{E} {t,\text{tan}}

\1

2. Continuity of the tangential magnetic field:

\ [

\mathbf{H} {i,\text{tan}} + \mathbf{H} {r,\text{tan}}
\mathbf{H} {t,\text{tan}}

\1

where subscripts \(i, r, t\) denote incident, reflected, and transmitted
waves respectively.

Given the incident wave is polarized along x, the reflected wave will
also be polarized along x (no cross-polarization for normal incidence),
simplifying analysis.

Reflection and Transmission Coefficients

The reflection coefficient (\(R\)) and transmission coefficient (\(T\))
describe the ratios of the reflected and transmitted wave amplitudes to
the incident wave:

\ [
R = \frac{E {r0}}{E {i0}}, \quad T = \frac{E {tO}}{E {i0}}
\1

Applying boundary conditions and solving yields:

\ [
R = \frac{\eta 2 - \eta 1}{\eta 2 + \eta 1}



\1]
\ [
T = \frac{2 \eta 2}{\eta 2 + \eta 1}
\1

where \(\eta 1 = \eta 0 \approx 377\, \Omega\) (free space) and \(\eta 2
= \eta 0 / \sqrt{\varepsilon r}\) (dielectric medium).

Key observations:
- Since the wave is incident normally, the reflection and transmission
coefficients depend solely on the intrinsic impedances.

- The magnitude of \(R\) indicates the proportion of the wave reflected,
while \(T\) indicates the transmitted field amplitude.

Physical Implications of Reflection and
Transmission

Reflection Phenomena

The reflection coefficient \(R\) can range from \(-1\) to \(1\):

- Positive \(R\): reflected wave is in phase with the incident wave.
- Negative \(R\): reflected wave is out of phase (phase shift of
\(\pi\)).

The reflectance (power reflection coefficient) is:

\ [

\mathcal{R} = |R|"2

\1]

which indicates the fraction of incident power reflected. For dielectric

interfaces with \(\varepsilon r > 1\), the reflection is generally less
than unity unless the impedance mismatch is significant.

Transmission Phenomena

The transmitted wave in the dielectric propagates with reduced speed and



altered amplitude, governed by:

\ [
\mathbf{E} t(z,t) = T E {i0} \hat{\mathbf{x}} \cos(k 2 z - \omega t)
\1]

The transmittance (power transmission coefficient):

\ [
\mathcal{T} = \frac{\eta 1}{\eta 2} |T|"2
\1

ensures energy conservation, as the sum of reflected and transmitted
power equals the incident power (assuming no losses).

Polarization and Its Role in Reflection

Impact of Polarization Orientation

While the scenario described involves a wave polarized along a single
axis (say, x-axis), the polarization direction influences the
interaction at interfaces. For a wave incident normally, polarization
effects are typically minimal because the electric field is
perpendicular to the direction of propagation, and the boundary
conditions are symmetric.

However, in oblique incidence, polarization types—parallel (p-polarized)
and perpendicular (s-polarized)-become significant:

- s-polarized: electric field perpendicular to the plane of incidence.
- p-polarized: electric field parallel to the plane of incidence.

These polarization states have different reflection coefficients,

influencing phenomena such as Brewster's angle and polarization-
dependent reflection.

Polarization Preservation and Changes at
Dielectric Boundaries

In the case of normal incidence, the polarization state is generally



preserved across the interface because the electric field remains
aligned along its initial direction. However, at oblique angles, partial
conversion between polarization states can occur depending on the
boundary conditions and the dielectric properties.

Wave Behavior in Practical Contexts

Applications in Antenna and Waveguide Design

Understanding how plane waves interact with dielectric interfaces aids
in designing efficient antennas, radomes, and waveguides. For example
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