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9.6: Wave Polarization

Polarization refers to the orientation of the electric field vector. For waves, the term “polarization” refers specifically to the
orientation of this vector with increasing distance along the direction of propagation, or, equivalently, the orientation of this vector
with increasing time at a fixed point in space. The relevant concepts are readily demonstrated for uniform plane waves, as shown in
this section. A review of Section 9.5 (“Uniform Plane Waves: Characteristics”) is recommended before reading further.

To begin, consider the following uniform plane wave, described in terms of the phasor representation of its electric field intensity:
Ez = %kE, e P

Here E, is a complex-valued constant representing the magnitude and phase of the wave, and § is the positive real-valued
propagation constant. Therefore, this wave is propagating in the +z direction in lossless media. This wave is said to exhibit linear
polarization (and “linearly polarized”) because the electric field always points in the same direction, namely +x. Now consider the
wave

E, =§E,e’*
Note that f‘,y is identical to Ez except that the electric field vector now points in the +y direction and has magnitude and phase
that is different by the factor E,/E,. This wave too is said to exhibit linear polarization, because, again, the direction of the

electric field is constant with both time and position. In fact, all linearly-polarized uniform plane waves propagating in the +z
direction in lossless media can be described as follows:

E =pE,e

This is so because p could be X, y, or any other direction that is perpendicular to z. If one is determined to use Cartesian
coordinates, the above expression may be rewritten using (Section 4.3)

p=%Xcos¢+ycosd
yielding
E = (Xcos¢+ 3 cos @) Epefjﬂz (9.6.1)

When written in this form, ¢ = 0 corresponds to E= Ez , ¢ =m/2 corresponds to E= Ey , and any other value of ¢ corresponds
to some other constant orientation of the electric field vector; see Figure 9.6.1 for an example.

Figure 9.6.1 Linear polarization. Here Ey is shown in blue, Ey is shown in green,
and bf E'is shown in red with black vector symbols. In this example the phases of E, and E, are zero and ¢ = —m/4. (Modified;
RJB1)

A wave is said to exhibit linear polarization if the direction of the electric field vector does not vary with either time or
position.

Linear polarization arises when the source of the wave is linearly polarized. A common example is the wave radiated by a straight
wire antenna, such as a dipole or a monopole. Linear polarization may also be created by passing a plane wave through a polarizer;
this is particularly common at optical frequencies (see “Additional Reading” at the end of this section).
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A commonly-encountered alternative to linear polarization is circular polarization. For an explanation, let us return to the linearly-
polarized plane waves E, and E, defined earlier. If both of these waves exist simultaneously, then the total electric field intensity
is simply the sum:

E =E, +E,
= (XE, +§E,) e 7% (9.6.2)

If the phase of E, and E, is the same, then E, = E,cos¢, E, = E,sin¢, and the above expression is essentially the same as
Equation 9.6.1. In this case, E is linearly polarized. But what if the phases of E, and E, are different? In particular, let’s consider
the following case. Let E, = E;, some complex-valued constant, and let E, =+jE,, which is E, phase-shifted by +m/2
radians. With no further math, it is apparent that Ez and f}y are different only in that one is phase-shifted by 7 /2 radians relative to
the other. For the physical (real-valued) fields, this means that E, has maximum magnitude when E, is zero and vice versa. As a
result, the direction of E = E, + E; will rotate in the z — y plane, as shown in Figure 9.6.2.

Figure 9.6.2 A circularly-polarized wave (in red, with black vector symbols)
resulting from the addition of orthogonal linearly-polarized waves (shown in green and blue) that are phase-shifted by 7 /2 radians.

The rotation of the electric field vector can also be identified mathematically. When E, = E, and E, = +jE, , Equation 9.6.2
can be written:
B = (% +39) Boe
Now reverting from phasor notation to the physical field:
E= Re{ﬁej"’t}

=Re{ (% +jy)Eoe e}

=X FE cos(wt — B2) + ¥ Eq cos(wt—ﬁz—i—%) (9.6.3)
As anticipated, we see that both E, and E, vary sinusoidally, but are 7/2 radians out of phase resulting in rotation in the plane
perpendicular to the direction of propagation.

In the example above, the electric field vector rotates either clockwise or counter-clockwise relative to the direction of propagation.
The direction of this rotation can be identified by pointing the thumb of the left hand in the direction of propagation; in this case,
the fingers of the left hand curl in the direction of rotation. For this reason, this particular form of circular polarization is known as
left circular (or ”left-hand” circular) polarization (LCP). If we instead had chosen E, = —jEy = —jE, , then the direction of E
rotates in the opposite direction, giving rise to right circular (or “right-hand” circular) polarization (RCP). These two conditions are
illustrated in Figure 9.6.3.
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Figure 9.6.3 Left-circular polarization (LCP; top) and right-circular polarization (RCP; bottom)

A wave is said to exhibit circular polarization if the electric field vector rotates with constant magnitude. Left- and right-
circular polarizations may be identified by the direction of rotation with respect to the direction of propagation.

In engineering applications, circular polarization is useful when the relative orientations of transmit and receive equipment is
variable and/or when the medium is able rotate the electric field vector. For example, radio communications involving satellites in
non-geosynchronous orbits typically employ circular polarization. In particular, satellites of the U.S. Global Positioning System
(GPS) transmit circular polarization because of the variable geometry of the space-to-earth radio link and the tendency of the
Earth’s ionosphere to rotate the electric field vector through a mechanism known Faraday rotation (sometimes called the “Faraday
effect”). If GPS were instead to transmit using a linear polarization, then a receiver would need to continuously adjust the
orientation of its antenna in order to optimally receive the signal. Circularly-polarized radio waves can be generated (or received)
using pairs of perpendicularly-oriented dipoles that are fed the same signal but with a 90° phase shift, or alternatively by using an
antenna that is intrinsically circularly-polarized, such as a helical antenna (see “Additional Reading” at the end of this section).

Linear and circular polarization are certainly not the only possibilities. Elliptical polarization results when E, and E, do not have
equal magnitude. Elliptical polarization is typically not an intended condition, but rather is most commonly observed as a
degradation in a system that is nominally linearly- or circularly-polarized. For example, most antennas that are said to be
“circularly polarized” instead produce circular polarization only in one direction and various degrees of elliptical polarization in all
other directions.

This page titled 9.6: Wave Polarization is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by Steven W.
Ellingson (Virginia Tech Libraries' Open Education Initiative) .
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