
Chapter 1.0 Introduction to Antennas 
 
What is an Antenna? 
An antenna is a device that converts a guided electromagnetic wave on a transmission line to a 
plane wave propagating in free-space (transmission), or vice-versa (receive). It is important to 
recognize that one side of the antenna appears as an electrical circuit element, while the other 
side of an antenna provides an interface with a plane wave propagating in free-space. For this 
reason, complete understanding of antenna operation requires the use of Maxwell’s equations 
and the consideration of the boundary conditions imposed by the antenna. Circuit theory, after 
all, is an approximation to Maxwell’s equations that is valid only when the electrical wavelength 
is very large relative to the circuit dimensions. A fundamental characteristic of antennas is that 
their dimensions are generally on the order of, or larger than, the electrical wavelength. Antennas 
are inherently bi-directional, in that they can be used for both receive and transmit functions. 
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Figure 1.1 Illustration showing an antenna transforming a guided wave into a plane wave. 
 
 
Equivalent Circuits for Transmit and Receive Antennas: 
The above figure shows an antenna operating as a transmitting antenna, where input power is 
delivered to the antenna from a source with a connecting transmission line, and the output power 
from the antenna is converted into a plane wave propagating in free-space. For a receiving 
antenna, input power is delivered to the antenna in the form of an electromagnetic plane wave 
from free-space, and converted to received power at the terminals of the antenna. In both cases, 
the terminals of the antenna can be viewed as an equivalent circuit port, as shown in Figure 1.2 
below. In the case of a transmitting antenna, the antenna impedance, ZA, appears as a load to the 
transmitter source. The power dissipated in this load represents power radiated by the antenna, 
and power dissipated by losses in the antenna. For a receiving antenna, the voltage generator 
represents power received by the antenna from the incident plane wave, and ZA represents the 
internal Thevenin generator impedance. It is important to note that ZA is a property of the 
antenna itself, and is the same for both transmit and receive operation. The real part of ZA 
accounts for the radiation and loss resistances of the antenna. 
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Figure 1.2 Equivalent circuits of transmit and receive antennas. 
 
 
Example 1.1: 
The circuits shown in Figure 1.2 are useful for calculating powers and voltages at the terminals 
of an antenna. For example, consider a transmitting antenna with an impedance of 72 +j 40 Ω. If 
it is desired to radiate 100 mW of power, what should be the values of the generator impedance 
and the generator voltage for maximum power transfer between the generator and the antenna? 
(Assume the antenna radiates all of its input power.) 
 
Solution: 
Maximum power transfer will occur when the generator is conjugately matched to the load. 
Since the load impedance (ZA) is given as 72 +j 40 Ω, we choose the generator impedance as Zg = 
72 -j 40 Ω. (This might be done in practice by using an impedance matching network between 
the antenna and the generator.) Then the reactive parts of Zg and ZA cancel, leaving effectively a 
72 Ω source impedance in series with a 72 Ω load impedance. The power delivered to the 
antenna is then, 
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so the required generator voltage is, 
 

( )( )2 2 0.1 72 5.37g A AV P R v rms= = =  

♦ 



1.1 Types of Antennas 
 
There is a wide variety of antenna geometries that have been developed over the years, 
beginning with the experiments of Heinrich Hertz in the late 1880s. Hertz’s work provided 
experimental proof of Maxwell’s theory of propagating electromagnetic waves, and introduced 
several basic antenna types that are still in use today. Other important events in the history of 
antenna development include Marconi’s work with radio, the development of radar during World 
War II, the development of satellite communications, and the recent rapid growth in wireless 
communications. Figure 1.3 shows a photograph of a variety of different antennas. 



 
 

 
 
Figure 1.3 Photograph of various millimeter wave antennas. Clockwise from the top: a parabolic 
reflector antenna with radome, a parabolic reflector antenna, a corrugated conical horn antenna, a 
microstrip array, a rectangular horn antenna, and a monopulse reflector antenna. Photograph 
courtesy of Alpha Industries, Inc. 



Major categories of antennas: 
 
Wire Antennas: 
Wire antennas were among the earliest to be developed, and include dipoles, monopoles, loops, 
Yagi-Uda arrays, and many types of “beam” antennas used for short-wave radio. Wire antennas 
are very inexpensive, offer low gain, and are often the best choice for low frequency 
applications. 
 
Aperture Antennas: 
This type of antenna includes any type of element that radiates from an open aperture, such as 
slot antennas, open-ended waveguides, horn antennas, lens antennas, and reflector antennas. 
Aperture antennas yield medium to high gains, and are typically limited to high frequency 
applications. 
 
Microstrip Antennas:  
This is a relatively new type of antenna element, consisting of a flat dielectric substrate with an 
etched conductor pattern. Microstrip antennas offers low to medium gain, but can easily be 
arrayed to provide higher gain. They can be used from UHF to millimeter wave frequencies, 
offer a low-profile, and can be conveniently integrated with other circuitry.  
 
Arrays: 
Antenna arrays are formed from a set of antenna elements, such as dipoles, horns, or microstrip 
antennas. Arrays provide more versatility than a single element, and thus can be used to achieve 
higher gains, beam steering, and pattern shaping. 
 
 
1.2 Fields and power radiated by an antenna 
 
Far-zone fields and Poynting vector: 
Before talking about the basic characteristics of antennas, we must describe the form of the far-
zone field radiated by an antenna. We will discuss the derivation of these quantities from basic 
principles later, but for now all we need to know is that the radiated electric field at a distance 
from any radiating source of finite extent can be expressed as a propagating spherical wave of 
the form, 
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In this equation, r is the distance from the antenna to the field observation point, and k = 2π/λ is 
the free-space wavenumber, with λ = c/f = 3×108/f (for f in Hz). This form of the radiated field is 
only valid when the distance r is “far” from the antenna itself, and thus is called the “far-zone 
form of the radiated field”. Note that this result states that the far-zone field contains only θ and 
φ  field components (no radial component), and that these field components are transverse to the 
direction of propagation, which is in the radial direction. Also note that the transverse field 
components depend only on θ and φ, (not r), and that the amplitude of the field decreases as 1/r 
as r increases. These properties are important characteristics of the field radiated by an antenna. 



 
The associated far-zone magnetic field components can be found from the far-zone electric field 
components as, 
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where η = 377 Ω, the wave impedance of free-space. The Poynting vector for these fields can be 
expressed as, 
 

S E H= ×  W/m2     (1.3) 
 

and the time-average Poynting vector is then, 
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Radiation intensity: 
Next, we define the radiation intensity as, 
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where the last steps were obtained using (1.4), (1.2) and (1.1). The units of U(θ,φ) are W. With 
these results, we can find the total radiated power from the antenna by integrating the power 
density over the surface of a sphere of radius r that encloses the antenna: 
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1.3  Definitions of Basic Antenna Parameters 
 
Now we are ready to define some of the basic parameters associated with antennas. 
 
Far-zone distance: 
First is the far-zone distance, which is the distance from an antenna where the radiated fields can 
be well-approximated as spherical waves, of the form given by (1.1). This distance depends on 
the maximum size of the antenna, as well as the wavelength, and is given by, 
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where D is the maximum linear dimension of the antenna, and λ is the operating wavelength. 
This result is derived from the condition that the actual spherical wave fronts radiated by the 
antenna will depart less than 22.5° from a true plane wave front. 
 
 
Example 1.2: 
A parabolic dish antenna used for DBS is 18” in diameter, and operates at 12.4 GHz. What is the 
far-field distance for this antenna? 
 
Solution: 
The wavelength is, 
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The maximum linear dimension of the antenna is 18” = 0.457 m. So the far-field distance for this 
antenna is, 
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Radiation pattern: 
The radiation pattern of an antenna is a plot of the magnitude of the far-zone field strength 
versus position around the antenna, at a constant distance from the antenna. Thus the pattern can 
be plotted as ( )Fθ θ φ,  or ( )Fφ θ φ, , versus either the angle θ with a fixed angle φ (an elevation 

plane pattern), or versus the angle φ with a fixed angle θ (an azimuth plane pattern). The choice 
of plotting either Fθ or Fφ is related to the polarization of the antenna, which will be discussed 
further in Section 1.4. 
 
A typical antenna pattern is shown in Figure 1.4. This pattern is plotted in polar form, which is a 
convenient way to correlate the variation of the radiation strength with position around the 



antenna. It is also possible to plot the radiation pattern on a rectangular plot (this can be more 
useful if the beamwidth is very narrow, or the sidelobes are very low). 
 
It is important to become familiar with several features of radiation patterns. First note that the 
scale for the amplitude of the radiation intensity is along the radial direction of the plot, and is 
expressed in dB. Since the decibel scale uses power ratios, patterns must be plotted using 20 
log(F), where F is the field value. Next, note the position of the main beam of the antenna, which 
in this case is located at 30° from the vertical axis. The main beam is also referred to as the main 
lobe, in contrast to the sidelobes, which are the lobes of lower amplitude to either side of the 
main beam. An important characteristic is the sidelobe level of the antenna, which is the relative 
level of the highest sidelobe relative to the main beam. For the pattern shown below, the sidelobe 
level is -13 dB. 
 
Antennas with radiation patterns having a well-formed main beam in the elevation plane and a 
constant pattern in the azimuthal plane are known as omnidirectional antennas. Such antennas 
are useful for broadcast applications. In contrast, an antenna with a well-defined main beam in 
both elevation and azimuth planes is known as a pencil-beam antenna. These antennas are useful 
for point-to-point applications. 
 
A fundamental property of an antenna is its ability to focus power in a given direction, to the 
exclusion of other directions. Thus, an antenna with a broad main beam transmits (or receives) 
power over a wide angular range, while an antenna having a narrow beam transmits (or receives) 
power over a narrow angular range. Thus a measure of the focusing properties of an antenna is 
its beamwidth, defined as the angular extent for which the main beam radiation intensity is above 
a given value, such as -3 dB, relative to the beam maximum. For example, the 3 dB beamwidth 
of the pattern in Figure 1.4 is 11°. In some applications it is useful to consider other definitions 
of beamwidth, such as the -10 dB beamwidth, or the beamwidth between first nulls. 



 

 
 
Figure 1.4 A polar plot of an antenna radiation pattern. 
 
 
PCAAD Exercise: 
Run PCAAD to plot the radiation pattern of a linear array. From the main menu bar, choose 
Arrays, then Uniform Linear Array. Enter a frequency of 30 GHz, 12 elements, and a spacing 
of 0.5 cm. Click the Pattern Type select button, and make sure that the Polar Plot is selected. 
Then click Compute and Plot Patterns to see the polar plot of the array pattern. Note the main 
beam angle and the beamwidth. Use the yellow cursor to find the sidelobe level, and the angular 
position of the first sidelobe. Close the plot window, and use the Pattern Type button to change 
the plot to a rectangular plot. Again click Compute, then Plot Patterns to see the plot, now in 
rectangular form. You may also want to view the pattern as a 3-D volumetric plot. 



Directivity: 
Another measure of the focusing ability of an antenna is the directivity, defined as the ratio of the 
radiation intensity of the main beam to the average radiation intensity over all space. Thus,  
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Directivity is a dimensionless quantity, and is usually expressed in dB. Since it is already a ratio 
of power, the correct conversion is D(dB)=10 log(D). 
 
An antenna that radiates equally in all directions is called an isotropic element. Since the pattern 
of an isotropic element is constant in all directions, its directivity is 1, or 0 dB. Directivity is 
often stated as relative to an isotropic radiator. 
 
 
Example 1.3: 
The far-zone electric field radiated by a short dipole antenna element on the z-axis can be shown 
to be given by, 
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Find the main beam position of this antenna, its beamwidth, and its directivity. 
 
Solution: 
The above pattern is constant in the azimuth plane (omnidirectional), with nulls along the z-axis 
at θ = 0 and 180°. Its main beam occurs at θ = 90°, and the pattern has a “donut” shape in three-
dimensional space. The radiation intensity is, 
 

( )U Cθ θ= sin2  
 

where the new constant C=A2/2η. The angles of the 3 dB (or half-power) points on the pattern 
occur when, 

2sin 0.5θ = , 
 
thus the 3-dB, or half-power, beamwidth is 135°- 45 °= 90°. 
 
The directivity is calculated from (1.8). We first evaluate the denominator of this expression as 
follows: 
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Then the directivity is, 
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Note that the constant from the radiation intensity cancels when computing the directivity. 
Converting the directivity to dB: 

( ) ( )D dBdB = =10 15 176log . .  
♦ 
 
PCAAD Exercise: 
Use PCAAD to verify the results of Example 1.3. From the main menu bar, select Wires, then 
Dipole Antenna. Enter a dipole length of 0.1 cm, a radius of 0.001 cm, and 1 PWS mode. For 
Pattern Type, select a polar pattern. Now enter a center frequency of 30 GHz, and click 
Compute, then Plot Patterns. Read the beamwidth of 89° to 90° (accuracy depends on the 
elevation plane step size chosen for the plot). Close the plot window, and read the gain as 1.8 dB. 
Change the Pattern Type to a 3-D plot, and view the volumetric plot of the dipole in the upper 
hemisphere. 
 
Relation between beamwidth and directivity: 
From the above discussion we see that beamwidth and directivity are both measures of the 
focusing ability of an antenna: an antenna with a narrow main beam will have a high directivity, 
while an antenna with a wide main beam will have a lower directivity. We might therefore 
expect a direct relation between these two quantities, but in fact there is no exact relationship 
between beamwidth and directivity. This is because beamwidth is only a function of the main 
beam shape, while directivity includes all of the radiation pattern. Thus, there are many different 
patterns that may have the same main beam beamwidth, but have different directivities. With this 
qualification in mind, however, it is possible to find approximate relations between beamwidth 
and directivity that can be used in many practical cases. For example, one useful formula that 
works well for pencil beam antennas is the following: 
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where θ1 and θ2 are the beamwidths in two orthogonal planes of the main beam, in degrees. This 
approximation does not work well for omnidirectional patterns because there is a well-defined 
main beam in only one plane for such cases. 
 
PCAAD Exercise: 
Use PCAAD to test the accuracy of equation (1.9) for a conical horn antenna. From the main 
menu bar, select Apertures, then Conical Horn. Enter a frequency of 10 GHz, an aperture 
radius of 5 cm, and a length of 20 cm. For Pattern Type, select a polar pattern, E/H plane 
patterns, and an elevation step size of 0.1°. Click Compute, then Plot Patterns, and read the E 
and H plane beamwidths of 18.2° and 21.9°, respectively. Use these values in (1.9) to get a 
directivity of 19.1 dB. Close the plot window and read PCAAD's value of 19.0 dB. 



 
 
Antenna efficiency: 
In any antenna, resistive losses exist due to non-perfect metals and dielectric materials. Such 
losses result in a difference between the power radiated by an antenna and the power delivered to 
the input of that antenna, and this difference can be quantified in terms of the efficiency of the 
antenna: 
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where Prad is the power radiated by the antenna, and Pin is the power delivered to the input of the 
antenna. Efficiency is always less than or equal to unity. 
 
Note that there are other factors that can contribute to the effective loss of transmit power, such 
as impedance mismatch at the input of the antenna, or polarization mismatch with the receive 
antenna. But these losses are actually external to the antenna, and could be eliminated by the 
proper use of impedance matching networks and the proper choice and positioning of the receive 
antenna. Thus, losses of this type should not be attributed to the antenna itself, as are dissipative 
losses due to metal conductivity or dielectric losses. 
 
Antenna gain: 
Recall that directivity is a function only of the radiation pattern (the radiated fields) of an 
antenna, and is therefore not affected by losses in the antenna. Thus we introduce antenna gain, 
which is another measure of the focusing ability of an antenna, with the difference that gain 
includes the effect of dissipative losses. Antenna gain is defined as follows: 
 

G eD=      (1.11) 
 
This is equivalent to replacing the Prad term in the denominator of the definition of directivity 
given by (1.8) with Pin, which is clear from the definition of efficiency in (1.10). 
 
 
1.4 Antenna polarization 
 
Polarization of plane waves: 
Polarization is defined as the orientation of the radiated electric field vector. For the case of a 
plane wave propagating along the z-axis, the electric field may have components in either the x 
or y directions, so the general expression for the electric field is, 
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where E0x and E0y are the amplitudes of the x and y components of the electric field. If E0x = 1 
and E0y = 0, the field is linearly polarized in the x direction. If E0x = E0y = 1, the field is linearly 
polarized in a direction 45° between the x and y axes. 
 



Now consider the case where both the x and y field components have equal amplitudes, but with 
a 90° phase shift, such as for E0x = 1 and E0y = j. The electric field vector still lies in the x-y 
plane, but now rotates counterclockwise when viewed toward the z-axis. To see this, convert the 
phasor expression of (1.12) to the time domain by multiplying by j te ω  and taking the real part: 
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For a given point on the z-axis, this result shows that the electric field vector rotates from the x 
axis, to the -y axis, etc. Since the direction of rotation is counterclockwise when viewed towards 
the direction of propagation, this is referred to as left-hand circular polarization, or LHCP. 
Right-hand circular polarization (RHCP) can be obtained by changing the sign of the E0y term. 
 
If the magnitudes of E0x and E0y are not equal, or if the phase difference is not exactly 90°, then 
the electric field amplitude will vary as the field vector rotates around the z-axis. This case is 
called elliptical polarization, and is the most general case. 
 
Antenna polarization: 
As we have discussed, the field radiated by an antenna of finite size is a spherical wave. While a 
spherical wave is not the same as a plane wave, in a fixed direction far from the antenna a 
spherical wavefront can be approximated as a plane wave. Then the above definitions of 
polarization can be applied. According to IEEE standards, the polarization of an antenna is 
defined for the antenna operating in a transmitting mode. 
 
For a dipole antenna on the z-axis, for example, the radiated electric field has only an Eθ 
component in the far-zone. In the main beam of the antenna, which occurs at θ = 90°, the electric 
field is vertically oriented at any position around the axis of the dipole, and so the dipole is said 
to be linearly polarized in the vertical direction. If the dipole were oriented horizontally, say 
along the x-axis, the polarization would be linear in the horizontal direction. Placing two dipoles 
on the x and y axes, and driving them with equal amplitude sources with a 90° phase shift will 
produce circular polarization. 
 
E- and H-plane patterns: 
For the vertical dipole antenna, the Eθ electric field vector lies in the plane of an elevation plane 
pattern cut (variable θ, constant φ), and so this pattern is referred to as an E-plane pattern. In 
contrast, an azimuth plane pattern (constant θ, variable φ) will contain the H-field vector (which 
must be the Hφ component), and so is called an H-plane pattern. This terminology is very 
common in practice, but it should be realized that the correspondence of an E- or H-plane pattern 
to either an elevation or azimuth pattern cut depends on the polarization of the antenna. In fact, 
E- and H-plane patterns can only be defined when the antenna polarization is linear, since 
circularly (or elliptically) polarized fields contain E-field components in two orthogonal planes, 
and so unique E- or H-plane patterns cannot be defined. 
 
Cross-polarization and axial ratio: 
For various reasons having to do with either its operation, or because of imperfections in its 
construction, no antenna has perfect polarization characteristics. 



 
For linearly polarized antennas, the dominant polarization component is called the co-polar 
polarization, and the undesired polarization is called the cross-polarized component. In the case 
of a dipole on the z-axis, the co-polarized field is the Eθ field. The cross-polarized component, 
Eφ, is theoretically zero, but in practice scattering from surrounding structures, or spurious 
radiation from the antenna feed, will often produce a low level of cross-polarized field. The 
cross-polarization level, measured in dB relative to the co-polarization level, is a measure of this 
degradation. 
 
For a circularly polarized antenna, two orthogonal electric field components are required to have 
equal amplitudes and a 90° phase difference. Departure from these conditions will degrade the 
circularity of the rotating field. A measure of the quality of circular polarization is the axial 
ratio, defined as the following power ratio: 
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where ∆φ is the phase shift between the x and y field components. Axial ratio is usually 
expressed in dB, obtained by taking 10log of the value in (1.14). An axial ratio of 0 dB signifies 
perfect circular polarization; a linearly polarized wave has an axial ratio of infinity. 



Review Questions for Chapter 1: 
 
Q1.1 An antenna is operating at a frequency of 900 MHz. What is the free-space wavelength? 
(a) 33.3 m 
(b) 33.3 cm 
(c) 3.0 m 
(d) 3.0 cm 
 
Q1.2 An antenna has a gain of 100. What is the gain in dB? 
(a) 10 dB 
(b) 100 dB 
(c) 20 dB 
(d) 2 dB 
 
Q1.3 What is the difference between gain and directivity? 
(a) gain is always larger 
(b) directivity is always larger 
(c) gain includes the effect of losses 
(d) directivity includes the effect of losses 
 
Q1.4 An antenna has a diameter of 10 λ. What is the far-field distance for this antenna, in 
wavelengths? 
(a) 20 λ 
(b) 100 λ 
(c) 10 λ 
(d) 200 λ 
 
Q1.5 Radiation from a particular antenna is propagating along the x-axis, and is polarized in 
the y-direction. What is the direction of the magnetic field vector? 
(a) along x-axis 
(b) along y-axis 
(c) along z-axis 
(d) cannot determine 



Problems for Chapter 1: 
 
P1.1 A receive antenna has an input impedance of 50 +j 30 Ω, and delivers 0.1 µW to a 
conjugately matched load. What is the voltage of the equivalent Thevenin source? 
 
P1.2 An antenna has a radiation pattern given by the function, ( )F Aθ θ φ θ φ, sin sin= . Find the 
main beam position, the half-power beamwidths, and the directivity (in dB) for this antenna. 
 
P1.3 An antenna has a radiation pattern given by, ( )F Cθ θ φ θ, sin= , for the upper hemisphere (0 
< θ < π/2). The pattern is zero in the lower hemisphere (θ > π/2). Find the main beam position 
and the directivity (in dB) for this antenna. 
 
P1.4 A high-gain array antenna has a main beam with a 3 dB beamwidth of 1.5° in two 
orthogonal planes. Estimate the directivity of this antenna, in dB. 
 
P1.5 A particular antenna has an input impedance of ZA = 60 +j 40 Ω. The real part of this 
impedance can be represented as a series connection of a 58 Ω radiation resistance, and a 2 Ω 
resistance representing losses in the antenna. What is the efficiency of the antenna? 
 
P1.6 An antenna has a gain of 30 dB, and an efficiency of 90%. If the main beam has equal 
beamwidths in both planes, find the beamwidth of this antenna. 
 
P1.7 An antenna radiates in a particular direction an electric field having a cross-polarized field 
component magnitude that is 1 dB less than the co-polarized field magnitude. If the phase 
difference between these two components is 90°, find the axial ratio for the radiated field. 


