


Antennas are transducers through 
which electromagnetic (radio) waves 
are coupled from transmitters to space 

and from space to receivers. Some of 
an antenna’s significant radiation para- 
meters are gain, beamwidth, field 
strength, phase and polarization. The 

purpose of this article is to discuss the 

polarization parameter and to present 

some examples of antennas and their 

associated polarization characteristics. 

The polarization of an antenna in a 

given direction is the polarization of 

the wave radiated by the antenna in 

that direction. Alternatively, it is the 

polarization of a wave incident from 

the given direction which results in 

maximum available power at the 

antenna terminals. ‘“‘Given direction”’ 

is usually the direction of maximum 

gain of the antenna. 

A radio wave may be considered to 

consist of two orthogonal vectors 

representing the electric and magnetic 

fields, and a third vector, orthogonal 

to the first two, representing the direc- 

tion of propagation. It is conventional 

in electrical engineering practice to 

specify the polarization of the wave by 

the orientation of the electric field 

vector, as illustrated in Figure 1. For 
the purpose of this discussion, it is not 

necessary to further discuss the mag- 

netic field vector because it is always 

oriented in the same way with respect 

to the electric field vector. If the 

orientation of the E vector does not 

deviate from a straight line as it 

appears to move in the direction of 

propagation, the wave is _ linearly 

polarized. If the EK vector appears to 

rotate with time, then the wave is 

elliptically polarized. The ellipse so 
described may vary in ellipticity from 
a circle to a straight line, or from 
circular to linear polarization. In a 

general sense, then, all polarizations 

may be considered to be elliptical. In 

engineering practice, linear _ polari- 

zation and circular polarization con- 

firm to precise definitions, but ellip- 

tical polarization is sometimes called 

circular polarization, with a tolerance 

added to define the permissible ellip- 
ticity. Figure 2 is an illustration of a 
circularly-polarized wave with the 

radial lines representing the successive 

E vectors along the direction of pro- 

pagation. If a smooth curve is drawn 

connecting the tips of the successive 

vectors, a helix is formed. The sense of 

polarization, either right-hand or left- 

hand, is derived from the apparent 

rotation of the vectors. When the 

thumb is placed along the direction of 

propagation, the fingers will point 

in the direction of the apparent rota- 

tion of the vectors as they seem to 

pass through a plane. The polarization 

is, then, named for the hand, right or 

left, whichever is appropriate. 

Linearly-Polarized Antennas 

Antennas designed to radiate and 

receive linearly-polarized waves are 

numerous, but the origins of all can be 
traced to two basic types: the dipole 

and its complement, the slot antenna. 

The polarization of the wave radiated 

by the dipole is oriented along the 

long dimension of the dipole, whereas 

the polarization of the slot antenna is 

oriented across the short dimension. 

The dipole evolves into such antennas 

as monopoles, log-periodic dipole 

arrays, yagis, and others. The horn 

antenna can be considered an evolu- 

tionary product of the slot antenna. 

The main concern in this article, how- 

ever, is circularly-polarized antennas. 

Circularly-Polarized Antennas 

Antennas designed for circular polar- 
ization are generally more complex 
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Figure 2. Field rotation of circular polarization. 

than those used for linear polarization. 

Circularly-polarized antennas may be 

divided into two general categories. 

Category I antennas are those which 

are circularly polarized by virtue of 

the physical structure of their radi- 

ating aperture, and are exemplified by 

such antennas as spirals and helices. 

This type of antenna produces that 
sense of circular polarization, right or 
left, which corresponds to the screw 

sense of the helix or spiral. 

Category II antennas usually consist of 

orthogonal elements which are com- 

bined in phase quadrature. An example 

of a category II antenna is the crossed 
dipole with an external 90-degree 
hybrid coupler. This type of antenna, 

and also the dual-polarized horn 

antenna, is capable of producing both 

right-hand and left-hand circular polar- 

ization simultaneously. A variety of 

category I and category II antennas are 

illustrated in Figures 3A and 3B. 

It is not necessarily obvious from the 

external appearance of a circularly 

polarized antenna that it is, in fact, 

circularly polarized. Even experienced 

antenna engineers may have difficulty 

in determining an antenna’s_polar- 
ization solely by observing its physical 

appearance. Both time and _ space 

(phase and position) dictate type of 
polarization, and it is difficult to 

mentally relate these factors to an 

antenna’s physical structure. Some of 

the antennas shown in Figures 3A and 
3B show the rotational sense of polar- 

ization. Those antenna _ illustrations 
not showing a defined sense of circular 

polarization indicate that polarization 

sense is determined by external factors 

or characteristics that cannot be easily 
depicted in the diagrams. 

Time and Space Quadrature 

The terms “‘time and space quadrature’’ 

may also be used to describe the 

essential relationship between the suc- 

cessive vectors required to produce 

circular polarization. If the radiating 

antenna provides these two necessary 
ingredients to the wave, circular 

polarization results. With category II 
antennas, space quadrature is usually 
provided by the orientation of the 

radiating elements, such as the ortho- 

gonal arms of a crossed dipole. Time 

quadrature can be provided by an 
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Figure 3A. Category | antennas. 

external device which retards phase 

by 90°, such as the 90° transmission 
line or the external hybrid coupler 

of the crossed dipole. 

4 

Category I antennas, such as spirals, 
perform both functions within the 

radiating elements. Other types of 

category I antennas (the reactive 
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dipole and the meanderline polarizer) 
depend on reactive effects in the 

radiating elements to provide the 

phase (time) relationships, with the 

space quadrature still resulting from 

the element orthogonal arrangement. 

A radiating element less than 2/4, 
exhibits capacitive reactance, and a 

radiating element greater than A/4 
exhibits inductive reactance. With 
capacitive reactance, current lags volt- 

age; with inductive reactance, current 

leads voltage. The net result is that 

the phase relationship of the currents 

on the orthogonal arms are modified 

by these different reactances, and can 

produce the time quadrature required 

for circular polarization. 

Polarization Diversity 

It is possible, with a dual-polarized 
antenna connected in the system 

shown in Figure 4, to selectively 
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receive or transmit any of the six 

major polarizations and, further, to 
transmit or receive any two orthogonal 

polarizations simultaneously if dual 
transmitters or receivers are available. 

This latter arrangement is called a 

polarization diversity system, which is 
particularly useful when it is imperative 

to maintain communications during 
changing polarization conditions, or 

when the need occurs to estimate the 

polarization of a received signal by 

comparing received amplitudes. 

Elliptical Polarization and 
Axial Ratio 

While the discussion has emphasized 

circular polarization, it is elliptical 

polarization which is the most general 

case, with circular and linear polar- 

ization being but extreme cases of the 
ellipse. 

Figure 5 illustrates an elliptical wave 

produced by a crossed dipole having 

unequal excitation of the vertical and 

horizontal elements. This wave is one 

in which the locus of the field vector 

is a deformed or flattened helix. The 

axial ratio is a qualitative term refer- 

ring to the ellipticity or the ratio of 

the amplitude of the major to the 

minor axes of the ellipse so formed. 

This ratio varies between infinity 

(linear) and 1 (circular). @ is the tilt 
angle of the ellipse. 

Let us consider the situation in which 

a category II antenna, a crossed dipole, 

for example, is connected by means 

of an external 90° hybrid coupler to 

produce circular polarization. If the 

orthogonal arms of the dipole are 
indeed driven with equal amplitude 
signals differing by 90° in phase, a 
circularly polarized wave will be pro- 

duced. However, if either the ampli- 
tude or phase do not differ by exactly 

90°, elliptical polarization will be 
produced. 

The graph presented in Figure 6 
yields the axial ratio of the ellipse 

when entered with the amplitude and 

phase errors known to exist at the 

antenna ports of the hybrid coupler. 

If the amplitude error is such that all 

energy is delivered to one port, then 

the value of the axial ratio is infinity 
(linear polarization). If the phase error 
is 90°, the axial ratio also becomes 
infinity, but this linear polarization 

is inclined 45° from the linear polar- 

zation of the first instance. Inter- 

mediate values of axial ratio may be 
taken from the graph. The graph was 

created from the following equation*: 

Axial Ratio = 

1+4?+4[(1-A?)?+(2a sin e)? |! 

where: 

A = amplitude error ratio 

e = phase error, degrees 

*The equation and graph were developed 

by E.K. Okubo, Lockheed Missiles & Space 

Company, Sunnyvale, California. 

Polarization Reference 

Early antennas were  earthbound; 
therefore, the terms vertical and hori- 

zontal polarization were adequate, for 
earth was always the reference. With 
antennas on aircraft and spacecraft, 

an independent reference system is 

required. Figure 7 shows the accepted 

coordinate system for antennas not 

referenced to earth. The cardinal linear 

polarizations are termed Eo (theta) 
and E@¢ (phi). If the space shuttle 
shown in the coordinate system were 
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Figure 6. Axial ratio can be determined from phase and amplitude errors. 

physically located on earth, then Ke is 

equivalent to vertical, and E¢@ to hori- 

zontal polarization, when propagation 

is in the x direction, or ¢@=90°, ¢=0°. 
For propagation in the Z direction 

(e=0), however, ¢ is not defined with 
respect to the Z-direction. In this case, 
polarization is determined by the 

alignment of the E vector with respect 

to the @ lines. If aligned along the 

¢=0°, g=180° lines, polarization is 

Ee, or “‘vertical.’’ If aligned along 
o=90°, ¢=270°, polarization is Ed¢, 
or horizontal. 

Polarization and Reflection 
The components of a wave reflected 

from a conductive surface undergo a 

Figure 7. Coordinate system. 



change in relative phase as well as 

direction in a manner similar to the 

change undergone by one’s image in a 

mirror. While the image in the mirror 
has its left and right sides interchanged, 
the top and bottom of the image 

remain the same as in the original 

object. This same principle accounts 
for one advantage of circular polar- 
ization; a _ transmitting  circularly- 
polarized antenna illuminating a reflec- 
tor is isolated from the reflected 

energy. For example, the central feed 

antenna on a parabolic reflector trans- 

mits energy which is reflected by the 
parabola. Some of the energy is 

reflected back into the feed, posing an 

interference problem. If the feed is 
circularly polarized, the _ reflected 

energy will also be circularly polarized, 

but in the opposite direction. That is, 
if the primary polarization is right- 
hand, the secondary or reflected polar- 

ization will be left-hand. Thus, the 

secondary radiation will not interfere 

with the primary radiation. 

Poincare Sphere 
The Poincare sphere is a graphical aid 
to the visualization of polarization. In 

this representation, the polarization of 

a wave corresponds to a position on 

a sphere, as shown in Figure 8. The 
development and use of the concept 

of the Poincare sphere is too complex 
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for discussion in this article, but the 

visual representation of the sphere 

may help the reader bring the concept 
of polarization into perspective. A 

complete discussion of this concept 

will be found in reference 1. 

Polarization Measurements 

The polarization characteristics of a 

wave can be measured in a variety of 

ways. If the axial ratio of the polar- 

ization ellipse is all the information 

that is required, then the measurement 

is simply made using the “‘spinning- 

dipole’’ method, where a_ linearly 

polarized antenna is spun in the plane 

of polarization, and the variation in 
signal level is recorded (see Figure 9). 
If, during this process, the antenna 

under test is rotated in azimuth at an 

angular rate much slower than the 

dipole is spinning, then the axial ratio 

as a function of azimuth angle is 
recorded. Such a pattern is shown in 

Figure 10. This pattern may be repeated 

at various frequencies over the band- 

width of the antenna. 

If the sense of polarization is required, 

then an antenna of known right- or 

left-hand circular polarization is used 

to illuminate the antenna under test, 

and relative received amplitude is 

recorded and compared (see Figure 
1), 
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Figure 8. Poincare sphere. 



SPINNING 
TRANSMITTING 
ANTENNA 

RECEIVER 

ROTATING ANTENNA UNDER TEST 

Figure 9. Pattern measurement. 

A third technique (not illustrated) for 
measuring polarization, while laborious 

and, therefore, seldom used, yields 
maximum information. With _ this 

method, the vertical and horizontal 

components of the wave are measured 

for both relative amplitude and rela- 

tive phase. From the data obtained, 

the axial ratio, tilt angle and sense of 
polarization can be calculated. 

For testing of most general-purpose 
receiving antennas, the first method 

discussed is adequate. 

Figure 10. A 

Polarization Mismatch 

As previously discussed, an antenna’s 
polarization is demonstrated by the 

polarization of the wave produced 

when transmitting or by the wave 

which produces maximum energy at 

the receiver antenna terminal. When 

antenna gain is specified or tested, 

the assumption is generally made that 

the polarization of the field is optimum; 

that is, the characteristic polarization 

of the antenna and the field in which 

it is measured are the same. If the 

shegebte 
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Figure 11. Polarization measurement. 

wave is polarized differently than the 

antenna receiving it, then the power 

available at the antenna terminals will 

be less than maximum. Loss resulting 

from polarization mismatch can be 

any value between infinity and zero. 

Losses associated with some of the 

more common polarization mismatches 

are shown in Figure 12. Attenuation 

for the six polarizations listed is based 

on the polarization being either purely 

linear or purely circular. 

Note that an antenna of any polar- 

ization is blind, or cross-polarized, 
to one other polarization. A given 

antenna may radiate different polar- 

izations in different directions, but in 
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Figure 12. Polarization mismatch loss. 
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a specific direction there is always one 

polarization which it cannot transmit 

or receive. 

When the wave and the antenna are 

elliptically polarized, polarization mis- 

match loss is more difficult to deter- 

mine. To this end, the equations given 

in Figure 13 have been developed and 
may be used for calculating the polar- 

ization mismatch loss between two 
widely separated antennas in freespace 

in the absence of intervening reflec- 

tions. 
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Conclusion 

It should be evident from this discus- 
sion that circular polarization is more 

difficult to produce than linear polar- 

ization. From a systems point of view, 

circular polarization requires greater 

care to ensure proper use. Circular 

polarization, however, finds a primary 

application in situations where it is 

necessary to receive signals whose 
polarization is unknown, such as with 

reconnaissance or surveillance systems. 

As most transmissions are of either 

X = Polarization Mismatch Loss (in + db) = 

“Ellipse 4% Yq + (1- YB) (1 YA) (Cos gare ay 

(+72) (1 +72) 
O 

= 0 db. When ¥.6 = Ypc 

= tee db. When Yrco=~Yre 

y = Ellipticity Ratio, the signed voltage ratio of the major axis of the 

polarization ellipse to its minor axis, where (1 <|y|< ©). 

B = Polarization Mismatch Angle, (0° <6 < 90°). 

T means Transmitting; R means Receiving. 

E means Elliptically Polarized; C means Circularly Polarized. 



vertical or horizontal polarization, 
circularly polarized receiving antennas 
will receive either one. Airborne 

vehicles, such as missiles, usually 

transmit telemetry data via linearly 

polarized antennas; a_ circularly 

polarized antenna on the ground can 

usually receive the signals despite the 
ever-changing attitude of the missile. 

The newest use of circular polarization 

is in the ‘‘frequency re-use” technique 
employed in satellite communications. 

With this technique, two signals at the 
same frequency are each independently 
modulated and transmitted via anten- 

Glossary* 

nas of opposite sense of circular polar- 
ization which, therefore, causes the 
antennas to be isolated from each 
other. Similar antennas on the ground 
separately receive the two _ trans- 

missions, thus allowing the same 
frequency to be used twice. 

For further reading on the subject of 
polarization, the reader is encouraged 

to consult the references given in this 
article. The glossary appearing at the 
end of this article also contains IEEE 
definitions of various terms associated 
with polarization. 

*The terms in this Glossary are reprinted from IEEE Standard 145-1973, by 
permission of The Institute of Electrical and Electronics Engineers, Inc. 

axial ratio. The ratio of the axes of the 

polarization ellipse. Note: See Note (3) 
under polarization of a field vector. 

circularly polarized field vector. A field 

vector for which the _ polarization 

ellipse is a circle. 

circularly polarized plane wave. A 

plane wave in which the electric field 

is circularly polarized. 

cross polarization. The polarization 

orthogonal to a reference polarization. 
Note: Two fields have orthogonal 
polarizations if their polarization 

ellipses have the same axial ratio, 

major axes at right angles, and opposite 
senses of rotation. » 

elliptically polarized field vector. A 

field vector whose extremity des- 

cribes an ellipse as a function of time. 

Note: Any single-frequency field 
vector is elliptically polarized if ‘‘ellip- 
tical’? is understood in the wide sense 
as including circular and linear. Often, 

however, the expression is used in the 
strict sense meaning noncircular and 

nonlinear. 

elliptically polarized plane wave. A 

plane wave in which the electric field 

is elliptically polarized. 

E plane, principal. For a linearly polar- 
ized antenna, the plane containing the 

12 

electric field vector and the direction 

of maximum radiation. 

helical antenna. An antenna whose 

configuration is that of a helix. Note: 
The diameter, pitch, and number of 

turns in relation to the wavelength 

provide control of the polarization 
state and_ directivity of helical 
antennas. 

horizontally polarized field vector. A 

linearly polarized field vector whose 

direction is horizontal. 

horizontally polarized piane wave. A 

plane wave in which the electric field 

is horizontally polarized. 

H plane, principal. For a_ linearly 

polarized antenna, the plane con- 

taining the magnetic field vector and 
the direction of maximum radiation. 

isolation between antennas. A measure 

of power transfer from one antenna to 
another. Note: The isolation between 

antennas is the ratio of power input to 
one antenna to the power received by 
the other usually expressed in decibels. 

isotropic radiator. A hypothetical 

antenna having equal radiation inten- 

sity in all directions. Note: An isotropic 
radiator represents a convenient 

reference for expressing the directive 
properties of actual antennas. 



linearly polarized field vector. A field 
vector for which the_ polarization 

ellipse is a line segment. 

linearly polarized plane wave. A plane 

wave in which the electric field is 

linearly polarized. 

plane of polarization. A plane con- 

taining the polarization ellipse. Notes: 

(1) When the ellipse degenerates into 
a line segment, the plane of polar- 
ization is not uniquely defined. In 

general, any plane containing the seg- 

ment is acceptable, however, for a 

plane wave in an isotropic medium, 

the plane of polarization is taken to be 

normal to the direction of propagation. 

(2) In optics the expression plane of 
polarization is associated with a linearly 

polarized plane wave (sometimes called 
a plane polarized wave) and is defined 
as a plane containing the field vector 

of interest and the direction of pro- 

pagation. This usage would contradict 

the above one and is deprecated. 

plane wave. A wave in which the only 

dependence of the field vectors on 

position is through the same expo- 

nential factor whose exponent is a 

linear function of position. See polar- 

ization of a plane wave. 

polarization of an antenna. In a given 

direction, the polarization of the wave 

radiated by the antenna. Alternatively, 

the polarization of a plane wave inci- 

dent from the given direction which 

results in maximum available power at 

the antenna terminals. Notes: (1) The 
polarization of these two waves is the 

same in the following sense. In the 

plane perpendicular to the direction 

considered, their electric fields des- 

cribe similar ellipses. The sense of rota- 

tion on these ellipses is the same if 

each one is referred to the correspond- 

ing direction of propagation, outgoing 

for the radiated field, incoming for 
the incident plane wave. (2) When 
the direction is not stated, the polar- 

ization is taken to be the polarization 

in the direction of maximum gain. 

polarization of a field vector. For a 
field vector at a single frequency ata 

fixed point in space, the polarization 

is that property which describes the 

shape and orientation of the locus 

of the extremity of the field vector 
and the sense in which this locus is 

traversed. Notes: (1) For a time har- 
monic (or single-frequency) vector, the 
locus is an ellipse with center at the 

origin. In some cases, this ellipse be- 

comes a circle or asegment of a straight 
line. The polarization is then called, 
respectively, circular and linear. (2) The 
orientation of the ellipse is defined by 

its plane, called the plane of polar- 
ization, and by the direction of its 
axes. (For a linearly polarized field, 
any plane containing the segment 

locus of the field vector is a plane of 

polarization.) (3) The shape of the 
ellipse is defined by the axial ratio 

(major axis)/(minor axis). This ratio 
varies between infinity and 1 as the 

polarization changes from linear to 

circular. Sometimes the ratio is defined 

as (minor axis)/(major axis). (4) The 
sense of polarization is indicated by an 

arrow placed on the ellipse. Alter- 
natively, if the observation is made 

from a particular side of the plane of 
polarization the sense can be qualified 

as clockwise or counterclockwise. It 

can also be called right hand (or left 
hand) if, when placing the thumb of 
the right hand (or left hand) in a 
specified reference direction normal to 
the plane of polarization, the sense of 

travel on the ellipse is indicated by the 

fingers of the hand. (5) The field 
vector considered may be the electric 

field, the magnetic field, or any other 

field vector, for example, the velocity 

field in a warm plasma. 

polarization of a plane wave. The 

polarization of a specified field vector 
in the plane wave. Notes: (1) It is the 
convention in electrical engineering to 

specify the polarization of the plane 

wave by that of the electric field 

vector. (2) In a isotropic medium, the 
plane of polarization is the plane per- 

pendicular to the direction of pro- 

pagation. It is the convention in elec- 

trical engineering to describe the sense 

of polarization at a fixed point in 
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space as right hand (clockwise) or left 
hand (counterclockwise) by choosing 
the direction of propagation as the 

reference direction. See Note (4) 
under polarization of a field vector. 

(3) The polarization of a plane wave is 

the same at every point in space. 

polarization ellipse. The locus of the 

extremity of a field vector at a fixed 

point in space. Note: See Notes (1) 
through (4) under polarization of a 
field vector. 

radar cross section. For a given polar- 
ization of the incident wave, that 

portion of the scattering cross section 

of a target associated with a specified 

polarization component of the scat- 

tered wave. See scattering cross sec- 

tion; equivalent flat plate area of a 
scattering object. 

radiation pattern (antenna pattern). 
A graphical representation of the radia- 

tion properties of the antenna as a 

function of space coordinates. Notes: 

(1) In the usual case the radiation pat- 
tern is determined in the far field 

region and is represented as a function 

of directional coordinates. (2) Radia- 
tion properties include power flux 

density, field strength, phase, and 

polarization. 
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College in 1951, and is a member of 
the Association of Old Crows. 
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