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Introduction to Antennas

INTRODUCTION

Every wireless system must employ an antenna of one kind or another to radiate and
receive electromagnetic energy. The antenna is the transducer between the system and
free space and is sometimes referred to as the air interface. While this course cannot
provide a comprehensive treatment of the subject, it will enable the reader to develop an
intuitive understanding about how they operate and provide a few examples of different
antenna architectures. Some useful rules of thumb for relating antenna parameters to
antenna size and shape are also presented. For many types of antennas it is possible to
estimate the gain from the physical dimensions or from knowledge of the antenna
beamwidths. A fundamental principle of antennas, called reciprocity, states that antenna
performance is the same whether radiation (transmission) or reception is considered [1].
The implication of this principle is that antenna parameters may be measured by either
transmitting or receiving. The principle of reciprocity means that estimates of antenna
gain, beamwidth, and polarization are the same for both transmit and receive. This
principle is used freely in most works on antennas.

An important concept in antennas is the wavelength of the electromagnetic wave that is
being considered. Wavelength is the distance that the wave propagates during one cycle
(period) and it depends upon it frequency and the propagation medium. Wavelength is
defined as

A=clf
Where c is the velocity of propagation
And f is the frequency of the wave in Hz (recall that 1 MHz = 10° Hz and 1 GHz = 10° Hz)

The velocity of propagation is approximately 3.0*10° m/s in free-space.

ANTENNA PARAMETERS

A useful abstraction in the study of antennas is the isotropic radiator, which is an ideal
antenna that radiates (or receives) equally in all directions, with a spherical pattern. The
isotropic radiator is also sometimes called an omnidirectional antenna, but this term is
usually reserved for an antenna that radiates equally in all directions in one plane, such
as a whip antenna, which radiates equally over azimuth angles but varies with elevation.
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The power density, S, due to an isotropic radiator is a function only of the distance, d,
from the antenna and can be expressed as the total transmitted power, P, divided by the
area of a sphere with radius d.

S = PZ
47d

(1)

That is, the power is uniformly distributed over the sphere. Thus for an isotropic radiator,
the power density at a given distance from the antenna is constant over all angles and is
equal to the average power density at that range.

Gain

For a realizable antenna, there will be certain angles of radiation which provide greater
power density than others (when measured at the same distance). The directivity of an
antenna is defined as the ratio of the radiated power density at distance, d, in the
direction of maximum intensity to the average power density over all angles at distance,
d. This is equivalent to the ratio of the peak power density at distance d, to the average
power density at d: Thus an isotropic antenna has a directivity of D = 1. When the
antenna losses are included in the directivity, this becomes the antenna gain

Power Density at d in max direction

PT
47d?

G=n7

where

P+ is the power applied to the antenna terminals

47d ? is the surface area of a sphere with radius d

n is the total antenna efficiency, which accounts for all losses in the antenna,
including resistive and taper” losses (7 = 7r7R)

Antenna gain can be described as the power output, in a particular direction, compared to
that produced in any direction by an isotropic radiator. The gain of an antenna is usually
expressed in dBi, decibels relative to an ideal isotropic radiator. Thus the gain is
expressed as 10*logio(g), where g is the power gain of the antenna.

! Taper loss is the inefficiency that is introduced when non-uniform illumination of the aperture is used. Non-uniform
aperture illumination is used to control radiation pattern sidelobes, similar to windowing in spectral analysis and
digital filtering. [2,3]
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Effective Area

An aperture antenna is one that uses a two-dimensional aperture such as a horn or a
parabolic reflector (as opposed to a wire antenna). The gain of an aperture antenna, such
as a parabolic reflector, can be computed using an effective area, or capture area, which
is defined as

e=nAy M’ (2)
where A, is the physical area of the antenna and 7 is the overall efficiency of the antenna
(generally ranging from 50% to 80%).The expression for the gain of an aperture antenna

is

Az A,
G=—2 3)

If only the physical dimensions of the antenna are known, one may assume an efficiency
of about 0.6 and estimate the gain reasonably well for most antennas using the above
expression.

Example 1: Given a circular aperture antenna with a 30-cm diameter,
what is the antenna gain if the frequency is 39 GHz?

A 30-cm-diameter circular aperture has a physical area of 0.0707m?.
Assuming an aperture efficiency of 60% yields an effective area of

A = 0.0424 m?

Using the expression for antenna gain, (3) and the wavelength of 7.69
mm yields

G =9005

which, when expressed in decibels relative to an isotropic radiator, is
10log(9005), or 39.5 dBi of gain. _

If the physical dimensions of an aperture antenna are not known, but the azimuth and
elevation 3-dB beamwidths, dxz and &, are known, the gain can be estimated using the
following rule of thumb:

26,000 (4)
gAZ eEL

G

IR
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where the 3-dB beamwidths are expressed in degrees [4].
The effective or capture area of a linear antenna, such as a vertical whip, a dipole, or a
beam, does not have the same physical significance as it does for an aperture antenna.
For example, a center-fed, half-wave dipole has an effective capture area of 0.1194? [5].
Instead of effective area, the concept of effective height is employed for linear antennas
[6]. The effective height of an antenna is the height that, when multiplied by the incident
electric field, results in the voltage that would actually be measured from the antenna.

V = heE volts
Or

he = VIE m

where V is the voltage measured at the antenna terminals and E is the magnitude of the
incident electric field in volts-per-meter.

Another way to view the effective height is by considering the average of the normalized

current distribution over the length of the antenna and multiplying that value by the
physical length of the antenna.

h, = LIll (x)dx (5)

Using this information, the effective area of a linear antenna can be found. The current
distribution over a half-wave dipole is nearly sinusoidal [7]

I(x) = 1,sin(z X)

and for a very short dipole (I < 0.12) it is approximately triangular, with the peak current
occurring at the center and zero current at each end. The relationship between the
effective height and the effective area is given by

A =220 (6)

where

Ac is the effective area in square meters
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he is the effective height in meters
Z, is the intrinsic impedance of free space, 377o0hms
R is the radiation resistance of the antenna in ohms

Example 2: Determine the effective height and the effective area of a
halfwave dipole at 500MHz.

A half-wave dipole for 500 MHz has a physical length of 1/2,

11 ¢  _o3m
2 500 MHz

For a half-wave dipole at 500 MHz, the current distribution is
I(x) =1, sin(z X)

which yields a normalized average current value of (2/z) or 0.637. The
effective height is then found by multiplying by | = 0.3 m to get,

h, =0.191m

Using the radiation resistance for a half-wave dipole, 73 ohms [8], and
the impedance of free space, one can readily determine the effective
area using (6):

A = 0.047 m?

Note that this effective area has no direct relationship to the physical
cross section of the dipole antenna. That is to say, it does not depend
upon the thickness of the dipole, only its length._

The Radiation Pattern

The radiation pattern of an antenna is a graphical depiction of the gain of the antenna
(usually expressed in dB) versus angle. Precisely speaking, this will be a two-dimensional
pattern, a function of both the azimuth and elevation angles. This is illustrated in Figure 1
for a circular aperture antenna. In most cases, however, looking at the principal plane
cuts—that is, an azimuth pattern while bore-sighted in elevation and vice versa—is
sufficient. Figure 2 shows a typical principal plane pattern. Antenna patterns always
describe the farfield pattern, where the gain or directivity is a function of the azimuth and
elevation angles only and is independent of distance, d.
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Figure 1 Three-dimensional plot of a two-dimensional antenna radiation pattern.
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Figure 2 Typical antenna radiation pattern (normalized gain) in one dimension.
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The mainlobe of the antenna is the lobe where the peak gain occurs. The beamwidth of
an antenna is defined as the angular distance between the two points on the antenna
pattern mainlobe that are 3 dB below the maximum gain point. From Figure 2, the 3-dB
beamwidth of that antenna may be estimated to be about 5 degrees (+2.5). Another
parameter that is often of considerable interest is the maximum or peak sidelobe level.
The pattern in Figure 2 shows a maximum sidelobe level of about -17 dB relative to the
beam peak, which has been normalized to 0-dB gain. Low sidelobes reduce the risk of
undesired signal radiation or reception, which can be valuable in high traffic or multipath
environments. Sidelobe reduction is obtained, however, at the expense of widening the
mainlobe and reducing the antenna gain (due to increased taper loss), or by increasing
the antenna size.

Another often-quoted specification of directional antennas is the front-to-back ratio. This is
the ratio of the antenna gain at 0 and 180 degrees azimuth and provides an indication of
how well the antenna will reject interfering signals that arrive from the rear of the antenna.
The front-to-back ratio is a very important parameter when planning frequency reuse and
interference reduction.

The antenna pattern of an aperture antenna is a function of the illumination taper across
the aperture. The relationship between the spatial energy distribution across the aperture
and the gain pattern versus angle is an inverse Fourier transform [9]. Thus a uniformly
illuminated aperture will produce the narrowest main beam and highest possible gain at
the expense of producing sidelobes that are only 13 dB below the peak. By tapering the
illumination using a window function, the gain is slightly reduced (taper loss) and the
mainlobe is broadened, while the sidelobes are reduced in amplitude. lllumination taper
functions such as a raised cosine are often used to produce antennas with acceptable
sidelobes. Whenever an illumination taper is used, the resulting antenna efficiency (and
therefore gain) is reduced. Table 1 shows key parameters for several common window
functions.
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Table 1 Common Window (taper) functions with their relatives gains beamwidths and
first sidelobe levels

Type of distribution, |z] < 1 Relative Half-power beamwidth | Intensity of first sidelobe
gain in degrees dB below max. intensity
Uniform; A(z) = 1 1 512/d 13.2

Cosine; A(z) = cos" (nz/2)

n=0 1 51n/d 13.2
n=1 0.810 69A/d 23
n=2 0.667 83n/d 32
n=3 0.575 95)\/d 40
n=4 0.515 111A\/d 48

Parabolic; Az) = 1 -(1 - A)Z?

A=1.0 1 51)/d 13.2
A=0.8 0.994 53)/d 15.8
A=0.5 0.970 56)./d 17.1
A=0 0.833 66)./d 20.6
Triangular; A(z)=1-|z| 0.75 73)/d 26.4
Circular; A(z) = (1-79)*° 0.865 58.51/d 17.6

Cosine-squared plus pedestal;
0.33 + 0.66 cos*(nz/2) 0.88 63)/d 25.7
0.08 + 0.92 cos’(nz/2), Hamming 0.74 76.5)/d 42.8

d = aperture width (diameter)

A = wavelength

Source: Introduction to Radar Systems, Merrill 1. Skolnik, McGraw-Hill 1980

Polarization

Polarization is defined as the orientation of the plane that contains the electric field
component of the radiated waveform. In many cases, the polarization of an antenna can
be determined by inspection. For instance, a vertical whip antenna generates and
receives vertical polarization. Similarly, if the antenna element is horizontal, the wave
polarization will be horizontal. Vertical and horizontal polarizations are both considered
linear polarizations. Another type of polarization is circular or elliptical polarization.
Circular polarization is similar to linear polarization, except that the polarization vector
rotates either clockwise or counterclockwise, producing right-hand circular or left-hand
circular polarization. Circular polarization is a special case of elliptical polarization, where
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the vertical and horizontal components of the polarization vector are of equal magnitude.
In general, aperture antennas can support vertical, horizontal, or elliptical polarization,
depending upon the type of feed that is used.

Impedance and VSWR

An antenna presents a load impedance or driving-point impedance to whatever system is
connected to its terminals. The driving point impedance is ideally equal to the radiation
resistance of the antenna. In practical antennas, the driving point impedance will also
include resistive losses within the antenna and other complex impedance contributors
such as cabling and connectors within the antenna. The driving point impedance of an
antenna is important in that a good impedance match between the circuit (such as a
transceiver) and the antenna is required for maximum power transfer. Maximum power
transfer occurs when the circuit and antenna impedances are matched.? Maximum power
transfer is desirable for both transmitting and receiving. When the antenna and circuit
impedances are not matched, the result is reduced antenna efficiency because part of the
signal is reflected back to the source. The square root of ratio of the reflected power to
the incident power is called the reflection coefficient.

P

|P|= P

Clearly, the reflection coefficient must be between zero and one (inclusive). The reflection
coefficient can be determined from the circuit and antenna impedances,

_ Zl_ZO

= 7
Z,+Z, (7)

yo,
The amount of signal passing between the transceiver and the antenna is

Pe=(1-p*)P;

Thus the impedance mismatch loss is [10]

2 Actually, maximum power transfer required a complex conjugate match. Most antenna systems have real
or nearly real driving point impedance, in which case a conjugate match and a match are identical. An
antenna connected to a cable with a characteristic impedance that is different from its driving point
impedance will present a complex impedance at the other end of the cable. In such cases, a transmatch
can be used to perform the conjugate matching.
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Ly =1-p° (8)

If there is a cable between the antenna and the transceiver, the mismatch creates a
voltage standing wave ratio (VSWR, or often just SWR) on the cable. The effect of a
VSWR on a cable is to increase the effect of the cable loss [11].

One way to compute the VSWR is

1+|p|

VSWR =
1-|p|

(9)

This can also be expressed in terms of the of antenna and transceiver characteristic
impedances.

Figure 3a shows a plot of the VSWR and reflection coefficient for a 50 ohm source versus
the antenna impedance. Figure 3b shows the corresponding impedance loss.

Example 3: What is the reflection coefficient, VSWR and matching loss
for a 50-ohm transceiver driving a half-wave dipole?

The half-wave dipole has a characteristic impedance of 73 ohms, so the
reflection coefficient from (7) is +0.187, depending upon the assignment
of Z; and Z,. The corresponding VSWR from (9) is 1.46. Applying (8), the
matching loss is found to be 0.965, or -0.15 dB, which is negligible in
most applications. _
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VSWR vs. Load Impedance for 50 Ohm Source
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Figure 3 VSWR, reflection coefficient and VSWR loss for a 50 ohm source
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ANTENNA RADIATION REGIONS

The antenna radiation field is divided into three distinct regions, where the characteristics
of the radiated wave are different. While these are not firm boundaries, they represent
convention usage and provide some insight to the actual radiated field as a function of
distance from the antenna. The far-field (Fraunhoffer) region is defined for distances such
that

2
d>2D

(10)

where D is the largest linear dimension of the antenna, and A is the wavelength. This is
the region where the wavefront becomes approximately planar (less than 22.5 degrees of
phase curvature over a similar-sized aperture) [12]. In the far-field region, the gain of the
antenna is a function only of angle (i.e., the antenna pattern is completely formed and
does not vary with distance). In the far field, the electric and magnetic field vectors are
orthogonal to each other. For electrically small antennas (D << A1) the far-field boundary
defined by the preceding equation may actually fall within the near-field region. In such
cases, the far-field boundary should be taken as equal to the near-field boundary rather
than within it. The radiating near-field is the region between the far-field region and the
reactive near-field region, also called the transition region.

(11)

In this region, the antenna pattern is taking shape but is not fully formed. Thus the
antenna gain will vary with distance even at a fixed angle. The radiated wave front is still
clearly curved (nonplanar) in this region and the electrical and magnetic field vectors are
not orthogonal. The reactive near-field is defined as

A
r<— 12
2 (12)

This region is measured from the phase center or center of radiation of the antenna and
will be very close to the surface of the antenna. In general, objects within this region will
result in coupling with the antenna and distortion of the ultimate far-field antenna pattern.
Figure 4 is an illustration of the radiation regions for a reflector antenna.

Analysis of near-field coupling can be deceiving. It is unlikely that anything will be close
enough to a 40-GHz antenna to cause near-field coupling since the wavelength is less
than a centimeter, making the reactive near-field boundary on the order of a couple of
millimeters. On the other hand, it is very difficult to avoid coupling with an HF antenna for

www.SunCam.com 13



SuCam )

Introduction to Antennas
A SunCam online continuing education course

amateur radio. Antennas for the 75-m amateur radio band (4 MHz) have a reactive near-
field boundary of 12 meters. Thus any large conductor (relative to the wavelength) within
about 39 ft of the antenna will couple with the antenna and “detune” it. The result can be
an altered resonant frequency, radiation resistance (defined shortly), and/or radiation
pattern. This can be a significant concern for radio amateurs operating from small lots,
where overhead utility lines, house gutters, fascia trim, and other such items are difficult
to avoid. Tying these conductors to a good earth ground eliminates their resonant effect
and mitigates their impact.

Reactive Near-Field

d< A
27
Radiating Far-Field
Near-Field Region

d=2D%1

Figure 4 Typical Boundaries for Antenna Radiation Regions

Example 4: How much separation is required between a 140-MHz
guarterwave monopole antenna and a 450-MHz quarter-wave monopole
antenna if both are mounted on the roof of an automobile and near-field
coupling is to be avoided?

To avoid mutual, near-field coupling, each antenna must be outside of
the reactive near-field of the other. The reactive near-field of the 140-
MHz antenna is larger than that of the 440-MHz antenna, so it
determines the minimum required separation. Using (12),

where
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A=214m
The result is that the minimum required separation is

dmin = 0.341m _

SOME COMMON ANTENNAS

The possible configurations of an antenna are limited only by the imagination. In the field
of electromagnetic compatibility, any conductor is a potential radiator and may be treated
as an antenna. In this section we examine several broad categories of widely used
antennas. The reader is directed to the references for more detailed information on these
antennas or for insight into other antenna configurations.

The Dipole

The half-wave dipole is configured as shown in Figure 5. It usually consists of two
segments, each one-quarter of a wavelength long, with the feed in the middle, although
offset-feed and end-fed dipoles are also used. The rings in Figure 4 illustrate the
directionality of the radiation pattern of the dipole. It can be seen that there are areas of
reduced gain off the ends of the elements. The gain of a half-wave dipole is theoretically
2.14dB. In general, antenna gain may be specified in decibels relative to an isotropic
radiator, dBi, or in decibels relative to an ideal half-wave dipole, dBd. Thus a gain in dBd
is always 2.14 dB less than the same value in dBi.
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A A
4 4

Figure 5 The half-wave dipole antenna and its radiation pattern.

The quarter-wave vertical or monopole antenna is one-quarter of a wavelength long and
is often (or at least ideally) mounted on an infinite, perfectly reflective (conductive) ground
plane. The ground plane provides a reflection of the antenna, causing it to behave as a
dipole antenna. Oftentimes in practical use, the “ground plane” turns out to be more of a
lossy counterpoise (such as the transceiver case and the hand and arm holding it), rather
than a ground plane that can provide an electrical image of the antenna. Even then, the
guarter-wave vertical antenna is still relatively effective. The counterpoise can be thought
of as a nonideal implementation of the other half of a half-wave dipole.

The quarter-wave antenna may also be physically shortened as long as the electrical
length of A/4 is maintained. An example of such an antenna is the flexible rubber duck or
helix antenna [13] used on many handheld VHF and UHF radios. While convenient, these
antennas can have considerably less gain than a regular quarter-wave antenna, on the
order of —3dB or more. All quarter-wave antennas perform best when they have a large
conductive ground plane. Using the human hand and arm as a lossy counterpoise
degrades both the radiation pattern and the gain. If the antenna is held near the body
such as next to the head or on the waist, the net gain may be further reduced by 10dB or
more.
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An important parameter in antenna performance is the radiation resistance. The radiation
resistance of a resonant (half-wave) dipole is approximately 73 ohms, if it is center-fed.
For an ideal antenna (no resistive losses), the driving-point impedance seen by the
transmitter or receiver is equal to the radiation resistance. The same dipole can be end-
fed, but the driving-point impedance then becomes extremely large, on the order of 3000
ohms. A matching network of some type is then required to match the radiation resistance
to the feedline and receiver/transmitter impedance to avoid large reflections and SWR
(standing-wave ratio, also called voltage standing wave ratio or VSWR). Such matching
networks (transmatch) can be somewhat lossy and reduce the efficiency of the antenna.

It is not unusual to see a “loading coil” at the base of an antenna, particularly for mobile
applications. This loading coil can be either an impedance matching device if the radiator
is an end-fed dipole, or it may be an inductor that is used to increase the electrical length
of the antenna. An example is the “Hamstick” antenna used for HF work in automobiles.
The antenna is a 4-foot piece of fiberglass with windings running the entire length,
forming what is called a normal mode helix. At the top is a 3 to 4-ft whip that is adjusted in
length to tune the resonant frequency of the antenna. The body of the car serves as a
counterpoise, and the 8-ft antenna is then resonant at an HF frequency such as 3.9 MHz,
giving it a resonant length of 75 m. This is shown conceptually in Figure 6. Though the
antenna is resonant, it does not have the same gain as a full-length dipole and in fact its
gain considerably less than unity.

Figure 6 Base-Loaded Mobile HF Antenna

NN ANN NN
®
O)N |

J

It is also possible to locate “traps” (tank or resonant circuits) along the length of a radiator,
so that the same vertical antenna can be resonant at several spot frequencies. Such traps
are resonant lumped elements. A trap alters the electrical length of the antenna in one of
two ways. It may be used to cut off frequencies above its resonant frequency, so that the
remainder of the antenna is invisible above the resonant frequency. The other approach
is to have the trap resonance set in between two frequencies of interest, so that at the
higher frequency it becomes a capacitive load, effectively shortening the electrical length,
and at the lower frequency it becomes an inductive load, thereby increasing the electrical
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length. Another architecture for the multiband vertical antenna is a parallel array of closely
spaced vertical radiators, each tuned to a different band. The close proximity of the
radiators means that they have strong interaction, which alters the electrical length of the
radiators, so they do not physically measure a quarter or a half-wavelength. The parallel
radiators are functioning as distributed elements. Both of these antenna architectures are
illustrated in Figure 7.

Radiators
dE
- A

Radiators

"\
| i

I~
-

Traps Insulating

Electrical
Counterpoise

/ Conductive

Insulator. 8
~ ‘. Matching Network
Shielded Coaxial | Shielded
Feedline i
Coaxial

- Insulator

Figure 7 Four-Band Quarter-Wave Trap Vertical and a Four Band Half-Wave Parallel
Radiator Vertical Antenna
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Beam Antennas

The half-wave dipole antenna also serves as a component of another popular antenna,
the Yagi-Uda (Yagi) beam antenna. The Yagi antenna is comprised of a driven element,
which is a center-fed half-wave dipole, a reflector element, which is slightly longer than
the driven element, and (optionally) several director elements that are progressively
smaller than the driven element. This is shown in Figure 8.The boom may be conductive
or nonconductive, with the element lengths and antenna properties being slightly different
in each case. The Yagi beam is a directional antenna that generates a linearly polarized
wave. The gain and front-to-back ratio can be substantial if a long boom and a sufficient
number of elements are used in the design. Section 5.4 in Ref. 14 provides an excellent
treatment of Yagi antenna design and analysis.

When mounted with the elements oriented vertically, the polarization will be vertical and
vice versa. Conventional television broadcast signals are horizontally polarized, which is
why television beam antennas are mounted with the elements oriented horizontally.
Horizontal polarization was chosen for television broadcast because man-made
interference tends to be vertically polarized. By using horizontal polarization, television
receivers have less interference to contend with. Mobile radio uses vertical polarization
primarily for convenience because it is difficult to mount a horizontally polarized antenna
on a automobile or a handset, but also because of its reflective properties.

Driven Element

\ l/ Reflector

<
<«

Direction of
maximum gain

/

WA

Directors

Figure 8 A typical Yagi-Uda antenna (the taper in the element lengths has been
exaggerated in this picture for clarity).

www.SunCam.com 19



SuCam )

Introduction to Antennas
A SunCam online continuing education course

Horn Antennas

A horn antenna can be thought of as a flared end of a waveguide. A horn antenna is one
example of an aperture antenna. The polarization of the emitted signal is dependent upon
the polarization of the waveguide transducer. There are various shapes of horn antennas,
and the taper of the flare and the aperture size control the resulting radiation pattern.
Horn antennas can provide very high gain and narrow beams, depending upon their
design. They are frequently used as gain or calibration standards since their gains are
very predictable and repeatable.

Reflector Antennas

Reflector antennas include the parabolic reflector or dish antenna and the Cassegrain
antenna. The parabolic reflector has a receiver/transmitter mounted in a small unit that is
usually located at the focal point of the parabolic dish. In addition to the efficiency loss
due to illumination taper, the supports for the antenna feed produce blockage in the
antenna field of view. This causes shadowing and produces diffraction lobes in the
antenna pattern. An offset feed can be used to reduce the shadowing effect of the feed
supports. An example of a parabolic dish antenna with an offset feed is the direct
broadcast TV antenna as shown in Figure 9. The antenna feed (actually it is only a
receive antenna) contains a low-noise amplifier and a broadband (block) down-converter
that shifts all of the signals to L-band. The feed unit is therefore referred to as a low-noise
block (LNB).The block of L-band signals then travels through the coaxial cable to the
receiver, which selects the desired frequency for demodulation. It is interesting that Direct
TV Dbroadcasts different programming simultaneously on right and left circular
polarizations. The Direct TV receiver sends a DC voltage over the receive signal coax to
power the electronics in the LNB. The level of the DC also tells the block converter which
polarization to receive based on the operator’s channel selection at the receiver. This is
why Direct TV receivers cannot directly share an antenna connection. For two receivers,
a dual LNB is employed, with a separate cable running to each receiver. For more than
two receivers, a dual LNB and a receiver control unit (multiswitch) are used to provide the
appropriately polarized signal to each receiver, depending upon the channel being
viewed. This is an example of frequency sharing by using polarization diversity.
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LNB Lens

| NB

Feed Support

Figure 9 Offset feed reflector antenna for direct broadcast satellite TV.

For some applications, the receiver/transmitter unit is mounted behind the antenna with
waveguide or coax cable connecting it to the center-mounted feed. Of course, this
configuration entails cable or waveguide loss as the signal is fed to and from the feed
point, so it is not suitable for most higher-frequency applications. One way to eliminate
this additional loss is to employ a Cassegrain antenna, which is shown diagrammatically
in Figure 10. The Cassegrain antenna also employs a parabolic reflector, but it has the
antenna feed mounted in the center of the dish, where the signal radiates out to a
subreflector that is mounted at the focal point of the parabolic reflector. The signal from
the reflector then illuminates the dish and produces the radiation pattern. One advantage
of the Cassegrain antenna over the basic parabolic reflector is that the
receiver/transmitter unit can be mounted on the antenna without using cables or
waveguides and are not required to be as small as those for a standard reflector antenna.
Another advantage for very sensitive systems used on earth stations for satellite
communication is that the sidelobes from the feed see sky rather than earth (since the
feed is pointed upward), which reduces the antenna temperature and thereby the receiver
noise floor. The center reflector still requires support, so the Cassegrain antenna also
experiences blockage and diffraction lobes both from the subreflector supports and the
subreflector itself. There are many different ways that the supports can be mounted,
Figure 9 shows one possibility.
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Figure 10 Cassegrain antenna configuration.

Phased Arrays

Phased array antennas were initially developed for large ground-based tracking radars.
They provide the ability to focus a beam on each target in the field of view in rapid
succession without requiring rapid repositioning of the aperture. The phased array is an
array of radiating elements each with a controllable phase shifter. The antenna controller
adjusts the phase (and sometimes also the gain) of each element to provide the desired
beam position and beamwidth while controlling the sidelobes. Some systems even
produce multiple beams simultaneously. Phased arrays suffer from a phenomenon called
grating lobes when the look angle approaches 90 degrees off-boresight, which is why
phased arrays sometimes include physical pointing. The beamforming process uses
digital signal processing techniques in the spatial domain to form beams and control
sidelobes. Squinted beams can be formed to permit monopulse angle measurement. As
electronics have become increasingly powerful, efficient, and affordable, phased arrays
have found application in many other areas. So-called smart antennas [15] have been
used for GPS receivers and mobile telephone base stations for interference control. The
advantage of the phased array is that it can steer a null in the direction of any detected
interference, improving receiver operation. This is often accomplished using an adaptive
algorithm to optimize signal-to-interference ratio.

Other Antennas

There are a multitude of antenna types, all of which cannot be even listed here. Some of
the more noteworthy configurations are discussed. One interesting antenna is the

www.SunCam.com 22



SuCam )

Introduction to Antennas
A SunCam online continuing education course

magnetic field antenna. Most antennas are electric field antennas; they work by
intercepting the electrical field component of the desired wave and converting it to a
voltage that is sent to a receiver. It is equally possible to detect the magnetic field rather
than the electric field, and it is sometimes advantageous to do so. One good example of a
magnetic field antenna is the ferrite loop antenna in a small AM radio. The wavelength of
AM broadcast is so long that electric field antennas are difficult to fabricate with any
efficiency. Early AM radios required very long wire antennas. Later, as the receiver
became more sensitive, moderately sized loop antennas where employed. Modern AM
receivers use a ferrite rod with windings to sense the magnetic field of the AM wave and
provide a signal to the receiver.

Lens antennas operate just as the name suggests. They are treated as an aperture
antenna, but a lens covers the aperture and focuses the beam. The lenses are often
made of plastic, but other materials can be used as long as they have the appropriate
refractive properties at the frequency of interest.

Patch antennas are conformal elements, which are useful for applications where a low
profile is required. An array of patch radiators can be used to form a beam. Such
antennas are useful for mobile and particularly airborne applications, where low profile
equates to less wind resistance and lower fuel costs.

ANTENNA POLARIZATION

Antenna polarization is defined as the polarization of the electromagnetic wave that it
radiates. Polarization is defined in the far-field of the antenna and is the orientation of the
plane that contains the electric field portion of the wave. In the far-field, the electrical field,
magnetic field, and propagation direction vectors are all mutually orthogonal. This mutual
orthogonality permits complete characterization of a wave by describing the electric field
vector and the direction of propagation. Most antennas and electromagnetic waves have
either linear polarization (vertical or horizontal) or circular polarization, which can be right-
hand or left-hand. In a general sense, all polarizations can be considered as special
cases of elliptical polarization. This provides a convenient mathematical framework for
looking at the effects of polarization. An elliptically polarized wave can be expressed as
[16]

E = xEx +yEy
where

Ex = E;isin(at-f52)
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And
E, = Essin(at-pz+0)

and

are the x and y components of the E field vector. E is the vector that describes the
electric field as a function of time and position along the z axis (direction of propagation).
E; and E; are the amplitude of the linearly polarized wave in the x and y directions. The 6
term describes the relative phase between the x and y components of the electric field
vector. If 6 is equal to zero, E will be linearly polarized, with the orientation of its electrical
field determined by xE; + yE,. If E; and E, are of equal magnitude and 6 = +90 degrees,
then the wave is circularly polarized. Circular polarizations, and elliptical polarizations in
general, are defined as follows (Figure 11):

Right-Hand Circular Polarization. Clockwise rotation when viewed in the
direction of propagation—that is, from behind (z into page).

Left-Hand Circular Polarization. Counterclockwise rotation when viewed
from behind (z into page).

y Ey

X Eyx

Figure 11 Relationship between orthogonal components of the E field and the direction of
propagation for right circular polarization (6 = —90 degrees).

These definitions correspond to the IEEE definitions [17, 18]. The labels are frequently
shortened to right-circular and left-circular polarization. Using the definitions and the
preceding equation, it is straightforward to verify that Figure 12 shows the polarization
ellipse as presented by Ref. 16. Note that E; and E, are the peak amplitudes in the x and
y direction and are therefore fixed, whereas Ey and Ey are the instantaneous amplitudes
of the x and y components, which are functions of time, t, position, z, and the relative
phase, 6. This diagram makes it easy to visualize the following: If E, is zero (or if & is

www.SunCam.com 24



SuCam )

Introduction to Antennas
A SunCam online continuing education course

zero), the polarization is linear horizontal; and if E; is zero, it is vertical polarization. The
tilt angle, 7, is the orientation of the major axis of the polarization ellipse relative to the x
axis.

Ey ____7‘[______

Figure 12 The polarization ellipse (Figure 2.22 from Ref. 16, courtesy of McGraw-Hill.)

The axial ratio is an important antenna parameter that describes the shape of the
polarization ellipse. The axial ratio is defined as the ratio of the major axis to minor axis of
the polarization ellipse when the phase angle between the linear polarization
components, ¢, is +90 degrees. The axial ratio is always greater than or equal to one.
Since it is a ratio of amplitudes, it can be expressed in dB using 20 log(AR). For precise
applications such as satellite communication, the axial ratio is given for circularly
polarized antennas, as a metric of the antenna’s deviation from ideal circular polarization.
This is valuable for determining the potential cross-coupling between an incident wave
and the orthogonal polarization channel of the receive antenna and the coupling loss
between an incident wave and the receive antenna at the same polarization. Strictly
speaking, if the axial ratio is anything other than 0 dB, the antenna is elliptically polarized,
but it is common to refer to real-world antennas as circularly polarized with an axial ratio
slightly greater than O dB.

When an antenna polarization is orthogonal to that of an incident wave, it will theoretically
not receive any power from the incident wave. Examples of this are a vertically polarized
wave incident on a horizontally polarized antenna or the Direct TV example of RCP and
LCP waves being simultaneously incident on the antenna and only one or the other is
actually sent to the receiver. Of course, real-world antennas and waves are not perfect,
so it is valuable to be able to determine how much energy from an incident wave is
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coupled to the antenna. In the cross-polarization case, this is characterized by the cross-
polarization discrimination (often denoted XPD). In the co-polarization scenario, if the
polarizations do not match exactly, not all of the incident energy is coupled to the
antenna. This is characterized by the polarization loss factor, F. Both of these parameters
can be determined from the orientation and axial ratio of the wave and the antenna.

Cross-Polarization Discrimination

In some systems, orthogonal polarizations are used to provide two channels in the same
frequency band. This may happen for example on a satellite communication system
where both left and right circular polarizations are transmitted to the ground at the same
frequency, and each earth station must receive the appropriate polarization. Any cross-
polarization leakage is considered co-channel interference. Cross-polarization
discrimination or isolation can be computed for either linear or circular polarizations. For
fixed terrestrial links, it is possible to employ polarization diversity to increase frequency
reuse, since the orientation of the polarization vectors can be carefully controlled. For
satellite communication systems, polarization diversity requires the use of circular
polarization since absolute control of the polarization vector orientation is difficult, due to
the geometry and the potential for Faraday rotation in the ionosphere.

An important distinction that must be made is that technically the crosspolarization
discrimination is between the incident wave and the receive antenna, not between the
transmit and receive antennas [17]. The distinction is due to the fact that there may be
environmental effects on the transmitted wave prior to reception. In most practical
applications, however, the parameters of the transmit antenna are used either directly or
with some allowance for environmental effects. For the linear polarization case, the cross-
polarization discrimination is a function of the angle difference between the incident wave
polarization vector and the receive antenna polarization vector. This is referred to as the
tilt angle and often designated as z. The amount of cross-polarization discrimination is
then given by

XPD= sin®(?)

Cross-polarization discrimination for linear polarization can be thought of as a special
case of circular or elliptical polarization. For elliptical polarization, the cross-polarization
discrimination is a function of the tilt angle z and of the axial ratios of the incident wave
and the receive antenna. For linear polarization, the axial ratio is ideally infinite since the
minor axis of the ellipse is zero. Thus linear polarization and circular polarization can both
be viewed as special cases of elliptical polarization.
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Polarization Loss Factor
The polarization loss factor is the multiplier that dictates what portion of the incident
power is coupled into the receive antenna. The polarization loss factor will often be less
than one because of polarization mismatch. The received power is given by
r = FP;
where P; is the incident power and P, is the power actually available at the antenna. The
polarization loss factor is the complement of cross-polarization discrimination. Just as with
XPD, the polarization loss factor for linear polarization is a degenerate case of the
elliptical polarization case, where the polarization ellipse collapses into a line. For linear
polarization,
F = cos®(7)
where 7 is the angle between the wave polarization and the receive antenna polarization.
F is a power ratio, so it is converted to dB using 10 log(F). It is apparent that when 7 is
zero, F = 1 and all of the incident power is received. When 7 is 90 degrees the
polarization of the wave and the receive antenna are orthogonal and no power is
transferred. From the expressions for XPD and F for linear polarization, it is clear that
XPD=1-F
as expected based on conservation of energy.
The general development of polarization loss factor is based on elliptical polarization.
Kraus [19] provides a development of the polarization loss factor as a function of the axial
ratios and tilt angle using the Poncaire’ sphere, the results of which are summarized
here. The coordinates of the polarization vector on the sphere are
Longitude = 27
Latitude = 2¢

where 7 is the tilt angle as defined earlier and

¢ = tan*(k/AR)
with
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k = 1 for left-hand polarization
k = -1 for right-hand polarization
AR = the axial ratio

The great-circle angle to the polarization vector is given by 2y, where
1.
y =5c0s (cos(25)cos(27))

and the equator-to-great-circle angle is ¢ as previously defined. The polarization
loss factor is defined as

F = cos’(yr - yw)

where 2y and 2y, are the great-circle angles to the receive antenna polarization
vector and the wave polarization vector, respectively.

7, = %cos‘l(cos(Zgr) cos(27,))

Yw = %Cos_l(COS(Zgw) COS(ZTW))

It is common practice to let either 7 or 7, be zero and the other term then accounts for the
net tilt angle between the wave and the antenna. Making the appropriate substitutions, it
is possible to derive an expression for polarization loss as a function of y;, yw, and =

F= cosz{tan ‘{ALRWJ - %cos‘llcos{z tan ‘{ALRJ] cos(2[z, -z, ])]} (13)

An equivalent and perhaps easier-to-use formulation is given in Ref. 17:

[+ AR2J1+ AR )+ 4AR, AR, +(1— AR,2J1— AR ?)cos(2]z, - ,)

i 20+ AR i+ AR?)

(14)
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In each case, the polarization loss factor applies to the received power. Some interesting
observations can be made from the preceding expression. If both the incident wave and
the antenna are circular (AR = 1), then F defaults to unity as expected, regardless of the
tilt angle. On the other hand, if one of the axial ratios is unity and the other is greater than
one, there will be some polarization loss regardless of the tilt angle. If both the incident
wave and the antenna have identical axial ratios (greater than one), then the polarization
loss factor becomes a function of the relative tilt angle only and complete power transfer
occurs only when 7z = 0 or 180 degrees. The minimum and maximum polarization losses
occur at 0/180 and 90/270 degrees, respectively.

For the purpose of link budgeting, the worst-case polarization loss factor is employed.
The worst case occurs when 7 = 90 degrees. Figure 13 (a) is a plot of the polarization
loss factor in dB for a tilt angle of 90 degrees, as a function of incident axial ratio for
several different antenna axial ratios. By selecting a curve with the receive antenna axial
ratio and finding the wave (transmit) axial ratio along the x axis or vice versa, the
polarization loss factor can be read from the y axis of the plot.

In some circumstances, a circularly polarized antenna might be used to receive a linearly
polarized wave or vice versa. This may occur when an antenna serves multiple purposes,
or if the orientation of the linear polarization is unknown, then use of a circularly polarized
receive antenna might be considered. For instance, the orientation of a linearly polarized
antenna on an aircraft will vary with the aircraft’s attitude. In this case, using a circularly
polarized antenna at the other end of the communication link would eliminate the
variability in signal strength at the expense of taking a constant loss in signal strength of
about 3 dB. The polarization loss factor between linear and circular polarization is
generally assumed to result in a 3-dB polarization loss factor, regardless of the orientation
of the linearly polarized wave. However, if the circularly polarized antenna is not ideal
(i.e., axial ratio greater than 1), then the actual polarization loss factor is a function of the
tilt angle.

In this case, the polarization loss factor will be greater than or less than 3 dB depending
upon the orientation and the axial ratio. Figure 13 (b) shows the polarization loss factor for
larger values of axial ratio along the x-axis. Since a linearly polarized antenna can be
represented by an elliptical polarization with a large axial ratio, the far right-hand side of
Figure 13 (b) shows how the worst-case polarization loss levels-off when one of the
antennas tends toward linear polarization. From this plot, it can be seen that if the
circularly polarized antenna (or wave) has an ideal axial ratio of O dB, then the worst-case
polarization loss is 3 dB. Otherwise, if the circularly polarized antenna (or wave) is not
ideal, then the actual circular-to-linear polarization loss factor exceeds 3 dB as shown. A
more precise estimate of the polarization loss factor can be obtained by taking the limit of
equation (13) as either AR, or AR, go to infinity, if desired.
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Figure 13 Worst Case Polarization Loss Factor Versus Axial Ratio for CP
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Example 5: A desired satellite signal is transmitted with right “circular”
polarization from an antenna having a 2-dB axial ratio. If the ground
station receive antenna has an axial ratio of 3dB, what are the minimum
and maximum polarization loss that can be expected if environmental
effects are negligible? If another signal is simultaneously transmitted from
the same satellite antenna at the same frequency, but with left circular
polarization, what is the worst-case cross-polarization isolation that will
occur?

The maximum polarization loss factor can be read from Figure 13 (a) and
is

Fmax = _035 dB

The minimum can be found by setting r equal to 0 or 180 degrees and
evaluating either of the expressions for axial ratio. The resulting minimum
polarization loss factor is

which is negligible. The cross-polarization isolation can be determined by
using one minus the worst-case polarization loss factor:

XPDpin = 10log(1 - 107%°) = -11.1 dB

Thus the interfering cross-polarized signal will be only 11 dB below the
desired signal. _

ANTENNA POINTING LOSS

In applications where directional antennas are used, it is customary to allow for some
antenna misalignment loss when computing the link budget. Antenna misalignment
means that the received signal is not received at the peak of the antenna beam and/or the
portion of transmit signal that is received did not come from the peak of the transmit
antenna beam. This is shown pictorially in Figure 14. While the potential for misalignment
is intuitive for mobile systems or systems tracking mobile satellites, it is also an issue for
static links. Pointing loss can occur in several ways. The initial antenna alignment is
seldom perfect; on a point-to-point link, each end must be aligned. In addition, effects
such as wind, age, and thermal effects may all contribute to changing the antenna
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alignment over time. Variation in atmospheric refraction can produce time-varying pointing
error, which can be challenging to identify.

Antennas Aligned

Antennas Misaligned

Figure 14 Antenna Alignment and Misalignment for a Point-To-Point Link Using
Directional Antennas

For systems with active tracking on one end of the link, the tracking loss must take into
account the track loop errors as well as any error introduced by the tracking process. A
track loop must move the peak of the antenna beam about the actual track point to
generate a tracking error signal for position correction. This process of scanning will result
in a certain amount of signal loss (scan loss) that must be factored into the link budget.
Most tracking loops require 0.5 to 1 dB of tracking signal variation for stable tracking.

SUMMARY

The antenna serves as the interface between system electronics and the propagation
medium. The principle of reciprocity states that an antenna performs the same whether
transmitting or receiving, which simplifies analysis and measurement. Antenna gain and
directivity define the amplitude of the antenna pattern in the direction of maximum
radiation (or reception). The gain of an antenna can be estimated using the concept of
effective area for aperture antennas or effective height for linear antennas. Antenna gain,
mainlobe width, and sidelobe levels are key concerns in antenna design or analysis.

The performance of an antenna varies with the distance from the antenna. The antenna’s
far-field, where the distance is greater than twice the square of the antennas largest linear
dimension divided by the wavelength, is most often the region where the parameters are
defined and specified. The reactive near-field is defined as the region where the distance
is less than the wavelength divided by two pi. In the reactive near-field, the antenna
pattern does not apply, and in fact the illumination function of the antenna will be present.
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Objects in the reactive near-field will couple with the antenna and alter the far-field
pattern. The radiating near-field is the region between the reactive near-field and the far-
field. In the radiating near-field, the antenna pattern is starting to take shape, but the
amplitude in a particular direction may still vary with distance from the antenna. In this
region, the radiated wave front is still spherical, versus nearly planar in the far-field.

There are a wide variety of antenna types and development continues. For most
applications, antennas are required to transmit/receive either linear (vertical or horizontal)
or elliptical (right-hand or left-hand) polarization. Any mismatch between the received
wave and the receive antenna may lead to signal loss and reduction in rejection of the
orthogonal polarization at the receive side of the link. The polarization loss factor and
cross-polarization discrimination are often included in link budgets, particularly for satellite
links.
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