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Foreword

The antenna system is what all amateur stations have in common — it is where signals begin and end their propagation journeys. Little is more important to the effectiveness of an amateur radio station. Even the simplest equipment can perform well if connected to a good antenna. Conversely, the latest and greatest gear won’t perform their wonders without one. That’s why the antenna system is the subject of more ARRL publications than any other topic.

You might have noticed the word “system” in the preceding paragraph. Beginning at the transceiver, the antenna system includes all the cables, tuners, switches, instruments, and supporting structures, as well as the antenna itself. Each part of the antenna system is addressed in this book so you can select and use the best components and materials.

The Antenna Book is organized to take you from the basics all the way through design, building, and measuring your antenna system. The book begins with a section on fundamentals: the basic concepts of antennas, the familiar dipole and monopole that make up so many antennas, and how antennas interact with the ground under and around them. Even the path between antennas is covered in the material on radio wave propagation. A chapter on computer modeling of antennas puts these ideas into practice. Then the book dives right into the various forms of antennas, building from the fundamentals to understand the principles of long wires, phased arrays, dipole arrays, large and small loops, and frequency-independent antennas.

A set of chapters then presents antennas for the widely used medium- and high-frequency (MF and HF) bands. This includes general-purpose antennas, directional antennas, and how to design an effective HF antenna system for your terrain and operating styles. A following section tackles antennas for the VHF, UHF, and microwave spectrum where so many amateurs operate throughout their amateur radio careers, including everything from terrestrial mobile stations to satellite and “moonbounce.” Next is a set of chapters for popular portable “on the air” operating, mobile and maritime stations, stealth and limited size installations, and antennas just for receiving from MF through outer space. Finally, the components and techniques that make up the full antenna system get an in-depth treatment, too.

Even if some of the topics sound familiar from previous editions, you’ll find that the book has been comprehensively updated by the largest set of expert contributors for any edition. Here are just a few examples of their significant new work:

	More fundamentals, especially of monopoles and ground system effects

	Propagation at VHF/UHF along with solar and ionospheric effects

	New set of OWA Yagi designs from Justin Johnson, GØKSC, and Jim Breakall, WA3FET

	Shunt-feeding is explained for using your tower on the MF and lower HF bands

	Receiving antenna designs for MF/HF operating, direction-finding, and amateur radio astronomy

	New VHF/UHF slot antenna theory and design, plus portable satellite antenna systems

	Portable and ultra-light antenna systems for operating away from home

	Best practices for construction, building, and installing antenna systems safely



The supplemental material available to readers has also been significantly updated. Along with the software and referenced articles, there are more projects and designs than ever. You’ll find many interesting items in the book’s online information.

Back in 1939, it became clear that antennas deserved their own handbook. When that very first Antenna Book was created, it was a recognition of the importance of the antenna to the success of amateur radio and many of those original designs are still familiar. The book you are reading today extends the long tradition of antenna application and innovation in amateur radio. It has been a pleasure to bring it to you!

73,

Ward Silver, NØAX

Lead Editor


The ARRL Antenna Book Online Material — (print edition only)

A wealth of additional material for this edition of The ARRL Antenna Book is available with the online material. As a purchaser of the print edition, you are entitled to download this material. If you purchased the book directly from ARRL through arrl.org you should have received an email with directions for downloading the content and a link. If you purchased The ARRL Antenna Book from another retailer, lost, or never received the email with the link to the online material, go to arrl.org/antennabook25download. You must log in to the ARRL website or register an account with arrl.org/shop to access the content.

Searchable Edition of The ARRL Antenna Book

The online material includes a print-replica, PDF version of this edition of The ARRL Antenna Book. Using Adobe Reader, you can view, print, or search the entire book.

Supplemental Files for Each Chapter

The online material contains supplemental information for most chapters of this book. This includes articles from QST, QEX, and other sources; material from previous editions of The ARRL Antenna Book; tables and figures in support of the chapter material; and files that contain information to build and test the projects provided in the chapters. The supplemental information is arranged in folders for each chapter.

ARRL Antenna Modeling Files

A set of EZNEC modeling files representing many of the antennas discussed in The ARRL Antenna Book. The models are grouped in folders named for the type of antenna they represent. Requires EZNEC antenna modeling software (eznec.com), not supplied.

Propagation Prediction Tables

Propagation-prediction tables generated by Dean Straw, N6BV, for more than 240 different transmitting locations throughout the world, including 42 locations in the USA. Each file is a PDF for viewing and printing using Adobe Acrobat Reader.

Companion Software

The following software is also included with the online material:

• HFTA (HF Terrain Assessment for Windows) — A ray-tracing program designed to evaluate the effect of foreground terrain on the elevation pattern of up to four multi-element HF monoband Yagis in a stack. See the HF Antenna System Design chapter in this book for details about the theory behind ray tracing and diffraction in HFTA.

• TLW (Transmission Line for Windows) — A sort of “Swiss Army Knife” for transmission line and antenna tuner calculations.

• YW (Yagi for Windows) — A special-purpose program, designed strictly for evaluation of monoband Yagis. It has the advantage of running many times more quickly than general-purpose programs such as NEC, but it has some attendant limitations.

Visit arrl.org/arrl-antenna-book-reference for instructions on installing the software with contemporary operating systems.
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About ARRL

We’re the American Radio Relay League, Inc. — better known as ARRL. We’re the largest membership association for the amateur radio hobby and service in the US. For over 100 years, we have been the primary source of information about amateur radio, offering a variety of benefits and services to our members, as well as the larger amateur radio community. We publish books on amateur radio, as well as four magazines covering a variety of radio communication interests. In addition, we provide technical advice and assistance to amateur radio enthusiasts, support several education programs, and sponsor a variety of operating events.

One of the primary benefits we offer to the ham radio community is in representing the interests of amateur radio operators before federal regulatory bodies advocating for meaningful access to the radio spectrum. ARRL also serves as the international secretariat of the International Amateur Radio Union, which performs a similar role internationally, advocating for amateur radio interests before the International Telecommunication Union and the World Radio communication Conference.

Today, we proudly serve nearly 151,000 members, both in the US and internationally, through our national headquarters and flagship amateur radio station, W1AW, in Newington, Connecticut. Every year we welcome thousands of new licensees to our membership, and we hope you will join us. Let us be a part of your amateur radio journey. Visit www.arrl.org/join for more information.
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Chapter 1

Antenna Fundamentals

Where does the word “antenna” come from? As related by Dr. Ulrich Rohde, N1UL, the term originated with Guglielmo Marconi during early radio tests in 1895 during which he used wire “aerials” attached to a vertical tent pole. The aerial wire then ran down the pole to the transmitter. In Italian, a tent pole is known as “l’antenna central” and so the pole with the wire became simply, “l’antenna.” In the beginning of radio, antennas were attached directly to generators and transmitters and were considered part of a common assembly. It wasn’t until after 1900 that antennas began to be regarded as separate elements of the system, independent of the transmitter or receiver.

While there are an enormous variety of antennas, they share basic characteristics, and all are designed to radiate and receive electromagnetic waves. In this chapter, we begin by defining what an electromagnetic wave is and how it is described. We then define the most important characteristics of an antenna — impedance, directivity, and polarization — and show how those characteristics are measured and displayed. For information on how waves propagate and related concepts, see the Radio Wave Propagation chapter or the ARRL’s Here to There: How Radio Waves Propagate.

1.1 Introduction to Electromagnetic Fields and Waves

1.1.1 E and H Fields

In 1820 Hans Oersted discovered that a current flowing in a wire would deflect the needle of a nearby compass. We attribute this effect to a magnetic or H-field, which at any given location is denoted by the letter H. The magnetic field’s amplitude is expressed in A/m (Amperes/meter) along with a direction. (Direction can also be expressed as some value of phase with respect to a reference.) Because a magnetic field has both amplitude and direction, it is a vector. Symbols representing a vector are printed in boldface.

Figure 1.1 shows a typical experimental arrangement that demonstrates the presence of a magnetic field. The shape of the magnetic field is roughly shown by the distribution of the iron filings. This field distribution is very similar to that around a vertical antenna.

[image: ]

A compass needle (a small magnet itself) will try to align itself parallel to H. As the compass is moved around the conductor, the orientation of the needle changes accordingly. The orientation of the needle gives the direction of H. If you attempt to turn the needle away from alignment you will discover a torque trying to restore the needle to its original position. The torque is proportional to the strength of the magnetic field at that point. This strength is called the field intensity or amplitude of H at that point. If a larger current flows in the conductor, the amplitude of H will increase in proportion. Currents flowing in an antenna also generate an H-field.

An antenna will also have an electric or E-field, which can be visualized using a parallel-plate capacitor, as shown in Figure 1.2. If we connect a battery with a dc potential across the capacitor plates there will be an electric field E established between the plates, as indicated by the lines and directional arrows between the plates. (Like H, the electric field also has an amplitude and direction and so is a vector as well.) The magnitude of vector E is expressed in V/m (volts per meter), so for a potential of V volts and a spacing of d meters, E = V/d in units of V/m. The amplitude of E will increase with voltage and/or a smaller separation distance (d). In an antenna, there will be ac potential differences between different parts of the antenna and from the antenna to ground. These ac potential differences establish the electric field associated with the antenna.

[image: ]

Math Tutorials
You will encounter a fair amount of intermediate level mathematics in this book. If you would like to brush up on your math skills or learn about an unfamiliar topic, a list of free online math tutorials is included with the online material for this book and on the ARRL website under “Math Tutorials” at arrl.org/tech-prep-resource-library.


1.1.2 Conduction And Displacement Currents

If we replace the dc voltage source in Figure 1.2 with an ac source, an ac current will flow in the circuit. In the conductors between the ac source and the capacitor plates, current (Ic) flows, because of the movement of charge, usually electrons. But in the space between the capacitor plates (particularly in a vacuum) there are no charge carriers available to carry a conduction current. Nonetheless, current still flows in the complete circuit, and we attribute this to a displacement current (Id) flowing between the capacitor plates to account for the continuity of current in the circuit. Displacement and conduction currents are two different phenomena but they both represent current, just two different kinds. Some observers prefer to call conduction currents “currents” and displacement currents “imaginary currents.” That terminology is OK, but to account for the current flow in a closed circuit with capacitance you must keep track of both kinds of current, whatever you call them. The accepted convention is to use the term “displacement current.”

1.1.3 Electromagnetic Fields And Waves

This section is a description of the fields that make up electromagnetic waves and some basic properties of waves. For a more complete discussion of how radio waves propa-gate, see the Radio Wave Propagation chapter.

Electromagnetic Fields

An electromagnetic field is created when the potential energy stored in an electric field or magnetic field changes. The changing electric and magnetic fields create electromagnetic waves (what we call radio waves) that propagate through space carrying both electric and magnetic energy. The electric and magnetic fields in the wave vary with time in a sinusoidal pattern. The potential energy is shared between the electric and magnetic fields making up the electromagnetic field.

The field strength of an electromagnetic wave can be measured either by the electric field (volts/meter) or the magnetic field (amps/meter). Usually, the wave’s field strength is stated only in volts/meter since that is easier to measure than the magnetic field. If we multiply the electric and magnetic field strengths, we have power per unit area:
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Maxwell’s Equations

The basic theory of electromagnetic fields was established by James Maxwell in 1860 – 1864. The behavior of the fields is described by the four equations known today as Maxwell’s equations. (This form of the equations was actually produced by Oliver Heaviside in his work prior to 1890.) The existence of the electromagnetic waves predicted by Maxwell in 1864 was demonstrated by Heinrich Hertz in 1886. For more information about the experiment, see the References and Bibliography listing at the end of this chapter for G.S. Smith’s article analyzing Hertz’s experiments.

A complete treatment of the equations is provided by Bob Zavrel, W7SX, in his book Antenna Physics: An Introduction, Second Ed. (see the References and Bibliography section of this chapter). A summary treatment of the equations in a pair of Hand-On Radio columns by Ward Silver, NØAX, is included in the online material, as well. These include an explanation of the vector calculus concepts of gradient, divergence, and curl, as well as illustrating how waves are created by moving electric charge.

Electromagnetic Waves

An electromagnetic wave, as the name implies, is composed of both an electric field and a magnetic field that vary with time. Electric and magnetic fields that do not change with time, such as those created by a dc current or voltage, are called electrostatic fields. The fields of a radio wave are created by an ac current in an antenna, usually having the form of a sine wave. As a result, the fields in a radio wave vary in the same sinusoidal pattern, increasing and decreasing in strength and reversing direction with the same frequency, f, as the ac current. It is the movement of electrons — specifically the acceleration and deceleration as the ac current moves back and forth — that creates the electromagnetic wave.

The two fields of the electromagnetic wave are oriented at right angles to each other as shown by Figure 1.3. The term “lines of force” in the figure means the direction in which a force would be felt by an electron (from the electric field) or by a magnet (from the magnetic field). The direction of the right angle from the electric field to the magnetic field, clockwise or counterclockwise, determines the direction the wave travels, as illustrated in the figure.
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Figure 1.3 represents a wavefront of the electromagnetic wave; a flat surface or plane moving through space on which the electric and magnetic fields have a constant value. To an observer moving in the same direction as the wave and at the same speed, the strength of the fields does not change. To that observer, the electric and magnetic field strengths are fixed, as in a photograph.

Just as an ac voltage is made up of an infinite sequence of instantaneous voltages, each slightly larger or smaller than the next, an infinite number of wavefronts make up a propagating wave, one behind another like a deck of cards. The direction of the wave is the direction in which the wavefronts move. The fields on each successive wavefront have a slightly different strength so as they pass a fixed location, the detected field strength changes as well.

To an observer staying in one place, such as a stationary receiving antenna, the electric and magnetic fields of the wave appear to oscillate as the wave passes. That is, the fields create forces on electrons in the antenna that increase and decrease in a sine wave pattern. Some of the energy in the propagating wave is transferred to the electrons as the forces from the changing fields cause them to move. This creates a sine wave current in the antenna with a frequency determined by the rate at which the field strength changes as the wave passes.

Figure 1.4 is a drawing of what would happen if we could suddenly freeze all of the wavefronts in the wave and take measurements of the electric and magnetic field strengths in each. In this example, the electric field is oriented vertically and the magnetic field horizontally. (Each of the vertical lines in the electric field can be thought of as representing an individual wavefront.) All of the wavefronts are moving in the direction indicated — the whole set of them moves together at the same speed. As the wave — the set of wavefronts — moves past the receiving antenna, the varying field strengths of the different wavefronts is perceived as a continuously changing wave. What we call a “wave” is made up of this entire group of wavefronts moving through space.

[image: ]

One more important note about electromagnetic waves: The electric and magnetic fields are coupled, that is they are both aspects of the same entity, the electromagnetic wave. They are not perpendicular electric and magnetic fields that simply happen to be in the same place at the same time! The fields cannot be separated, although the energy in the wave can be detected as electric or magnetic force. The fields are created as a single entity — an electromagnetic wave — by the motion of electrons in the transmitting antenna.

Speed of Propagation and Wavelength

Because the velocity of wave propagation is so great, we tend to ignore it. Only 1⁄7 of a second is needed for a radio wave to travel around the world — but in working with antennas and transmission lines the time factor is extremely important. We can hardly discuss antenna theory or performance at all without involving travel time, consciously or otherwise.

The speed at which electromagnetic waves travel is called the velocity of propagation. It is determined by the permittivity (ε) and permeability (µ) of the medium in which the wave is traveling. This is commonly referred to as the “speed of light” and represented by c.
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The speed of light is highest in the vacuum of free space, approximately 300 million or 3 × 108 meters per second and the special symbols e0 and µ0 are used. It is often more convenient to remember this value as 300 m/µs (the actual value is 299.7925 m/µs).

It is also useful to know a radio wave’s wavelength — the distance traveled during one complete cycle of a wave. Since one complete cycle takes 1/f and the velocity of a wave is the speed of light, c, the wavelength, λ, is thus:

λ = c / f

In free space

λ = 299.7925 × 106 / f

where λ is the free-space wavelength in meters.

More convenient approximate formulas for use at radio frequencies are:

λ in meters = 300 / f in MHz, and

λ in feet = 983.6 / f in MHz

The ratio between the wave’s velocity in a specific medium and that of free space is called the medium’s velocity factor (VF) and is a value between 0 and 1. If the medium is air, the reduction in velocity of propagation can be ignored in most discussions of propagation at frequencies below 30 MHz. In the VHF range and higher, temperature and moisture content of the medium have increasing effects on the communication range, as will be discussed in the Radio Wave Propagation chapter. In materials such as glass or plastic the wave’s velocity can be quite a bit lower than that of free space. For example, in polyethylene (commonly used as a center insulator in coaxial cable), the velocity of propagation is about 2⁄3 that in free space. In distilled water (a good insulator) the speed is about 1⁄9 that of free space.

Phase of Waves

There will be few pages in this book where phase, wavelength and frequency do not enter the discussion. It is essential to have a clear understanding of their meaning in order to understand the design, installation, adjustment or use of antennas, matching systems or transmission lines in detail. In essence, phase means time. When something goes through periodic variations as an alternating current does, corresponding instants in succeeding periods are in phase.

It is important to distinguish between phase and polarity. Polarity is simply a convention that assigns a positive and negative direction or convention. Reversing the leads on a feed line reverses a signal’s polarity but does not change its phase.

Phase is a relative measure of time within and between waveforms. The points A, B, and C in Figure 1.5 are all in phase. They are corresponding instants at intervals of 1 λ. The distance between A and B or between B and C is one wavelength. This is a conventional view of a sine wave alternating current, with time progressing to the right. It also represents the instantaneous value of intensity of the traveling fields, if distance is substituted for time in the horizontal axis. The field-intensity distribution follows the sine curve, in both amplitude and polarity, corresponding exactly to the time variations in the current that produced the fields. Remember that this is an instantaneous picture of the many wavefronts similar to Figure 1.4.
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Waves used in radio communication may have frequencies from about 10,000 to several hundred billion Hz. Suppose the frequency is 30 MHz. One cycle, or period, is completed in 1/30,000,000 second. The wave is traveling at 300,000,000 meters per second through the air, so it will move only 10 meters during the time that the current is going through one complete period of alternation. The electromagnetic field 10 meters away from the antenna is caused by the current that was flowing one period earlier in time. The field 20 meters away is caused by the current that was flowing two periods earlier, and so on.

If each period of the current is simply a repetition of the one before it, the currents at corresponding instants in each period will be identical. The fields caused by those currents will also be identical. As the fields move outward from the antenna they become more thinly spread over larger and larger spherical surfaces centered on the antenna. The field amplitudes decrease with distance from the antenna but they do not lose their identity with respect to the instant of the period at which they were generated. They are, and they remain, in phase. In the example above, on the spherical surfaces separated by intervals of 10 meters measured outward from the antenna, the phase of the waves at any given instant is identical.

These spherical surfaces are the wavefronts described earlier. When the sphere is so large that the surface is essentially flat, the wavefront is called a plane wave. On every part of this surface, the wavefront, the wave has the same phase. The wavelength is the distance between two wavefronts having the same phase at any given instant. This distance must be measured perpendicular to the wave fronts along the line that represents the direction of travel.

Wave Polarization

A wave like that in Figure 1.3 is said to be polarized in the direction of the electric lines of force. The polarization here is vertical, because the electric lines are perpendicular to the surface of the Earth. If the electric lines of force are horizontal, the wave is said to be horizontally polarized. Horizontally and vertically polarized waves may be classified generally under linear polarization. Linear polarization can be anything between horizontal and vertical. In free space, “horizontal” and “vertical” have no meaning, since the reference of the seemingly horizontal surface of the Earth has been lost. Instantaneous polarization is the polarization of the wave at the stationary observer at a specific instant in time.

In many cases the polarization of waves is not fixed, but rotates continually, sometimes at random. When this occurs the wave is said to be elliptically polarized. A gradual shift of polarization in a medium is known as Faraday rotation. For space communication, circular polarization is commonly used to overcome the effects of Faraday rotation. A circularly polarized wave rotates its polarization through 360 degrees as it travels a distance of one wavelength in the propagation medium. The direction of rotation as viewed from the transmitting antenna defines the direction of circularity — right-hand (clockwise) or left-hand (counterclockwise). Linear and circular polarization may be considered as special cases of elliptical polarization.

Impedance of Free Space

Like all mediums in which electromagnetic waves travel, free space has a permittivity (ε0) and permeability (µ0). (The subscript 0 indicates free space.) These determine the speed at which the waves travel as shown in a previous section. The ratio of these two properties also determines the ratio of the E and H fields. Similarly to the ratio of voltage to current in a circuit, the ratio of E and H is the impedance of the medium in which the wave is traveling which is free-space in this case:
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The values of ε0 and µ0 result in a value of approximately 377 Ω for Z0, the characteristic impedance of free space.

Field Strength and Power Density

A measurement of the strength of the wave at a distance from the transmitting antenna is its field strength (or field intensity). It is measured as the voltage between two points lying on an electric line of force in the plane of the wave front. The standard measure for field strength is the voltage developed in a wire that is 1 meter long, expressed as volts per meter. (If the wire were 2 meters long, the voltage developed would be divided by two to determine the field strength in volts per meter.)

The voltage in a wave is usually low so the measurement is made in millivolts or microvolts per meter. The voltage goes through time variations like those of the current that caused the wave. It is measured like any other ac voltage — in terms of the RMS value or, sometimes, the peak value. It is fortunate that amateurs do not customarily measure actual field strength as the equipment required is elaborate. We need to know only the effect of an adjustment so relative measurements are satisfactory. These can be made easily with home-built equipment.

The relationship between field intensity and power density is like that for voltage and power in ordinary circuits. They are related by the impedance of free space, which is approximately 377 Ω. A field intensity of 1 volt per meter is therefore equivalent to a power density of:
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The energy from a propagated wave decreases with distance from the source. This decrease in strength is caused by the spreading of the wave energy over ever-larger spherical surfaces as the distance from the source increases. In free space, the field intensity of the wave varies inversely with the distance from the source, once in the radiating far field of the antenna. If the field strength at 1 mile from the source is 100 millivolts per meter, it will be 50 millivolts per meter at 2 miles, and so on. Because of the relationship between voltage and power, the power density varies with the square of the field intensity, or inversely with the square of the distance. If the power density at 1 mile is 4 mW per square meter, then at a distance of 2 miles it will be 1 mW per square meter.

In practice, attenuation of the wave energy may be much greater than the inverse-distance law would indicate. The wave does not travel in a vacuum and the receiving antenna seldom is situated so there is a clear line of sight. The Earth is spherical and the waves do not penetrate its surface appreciably, so communication beyond visual distances must be by some means that will bend the waves around the curvature of the Earth. These means involve additional energy losses that increase the path attenuation with distance above that for the theoretical free-space attenuation or spreading loss in a vacuum. Additional causes of attenuation are discussed in the chapter on Radio Wave Propagation.

1.2 Basic Antenna Behavior

1.2.1 Reciprocity In Receiving And Transmitting

Many of the properties of an antenna used for reception are the same as its properties in transmission. It has the same directive pattern in both cases and delivers maximum signal to the receiver when the signal comes from a direction in which the antenna has its best response. The impedance of the antenna is the same, at the same point of measurement, in receiving as in transmitting. This is the principle of reciprocity.

1.2.2 Antenna Polarization

An antenna’s polarization is defined to be that of its electric or E-field, in the direction where the field strength is maximum. For example, if a half-wavelength dipole is mounted horizontally over the Earth, the electric field is strongest perpendicular to its axis (that is, at right angles to the wire) and parallel to the Earth. Thus, since the maximum electric field is horizontal, the polarization in this case is also considered to be horizontal with respect to the Earth. If the dipole is mounted vertically, its polarization will be vertical. See Figure 1.6. Note that if an antenna is mounted in free space, there is no frame of reference and hence its polarization is indeterminate.
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Antennas composed of several elements arranged so that their axes lie in the same or parallel directions have the same polarization as that of any one of the elements. For example, a system composed of a group of horizontal dipoles is horizontally polarized. If both horizontal and vertical elements are used in the same plane and radiate in phase, however, the polarization is the resultant of the contributions made by each set of elements to the total electromagnetic field at a given point some distance from the antenna. In such a case the resultant polarization is still linear but is tilted between horizontal and vertical.

In directions other than those where the radiation is maximum, the resultant wave, even for a simple dipole, is a combination of horizontally and vertically polarized components. The radiation off the ends of a horizontal dipole is actually vertically polarized, albeit at a greatly reduced amplitude compared to the broadside horizontally polarized radiation — the sense of polarization changes with compass direction.

Circular Polarization

If vertical and horizontal elements in the same plane are fed out of phase (where the beginning of the RF period applied to the feed point of the vertical element is not in time phase with that applied to the horizontal), the resultant polarization is elliptical. See Figure 1.7. Circular polarization is a special case of elliptical polarization. The wave front of a circularly polarized signal appears (to a stationary observer) to rotate every 90° between vertical and horizontal, making a complete 360° rotation once every period. Circular polarization is frequently used for space communications and is discussed further in the chapter Antennas for Space Communications.
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1.2.3 Near And Far Fields

The region very close to the antenna is called the reactive near-field region. The term “reactive” refers to the fact that the E and H fields are in quadrature (90 degrees out of phase) as are V and I in a reactance. Just as a reactance does not consume any real power, since E and H are 90 degrees out of phase there is no time-averaged power flow through space which is assumed to be resistive and doesn’t add any phase shift of its own. In the reactive near field, the antenna stores energy as though it is a lumped-constant inductor or capacitor. (The near field is sometimes called the “induction field,” meaning that this is the region in which energy is stored.)

The strength of the reactive near field decreases in a complicated fashion with increasing distance from the antenna. Beyond the reactive near field, the antenna’s radiated field is divided into two other regions: the radiating near field and the radiating far field. Historically, the terms Fresnel and Fraunhöfer fields have been used for the radiating near and far fields, but these terms have been largely supplanted by the more descriptive terminology used here. Even inside the reactive near-field region, both radiating and reactive fields coexist although the reactive field predominates very close to the antenna.

As you get farther from the antenna (thus the name “far field”), the equation describing the fields shifts to a form in which the E and H fields are in phase so time-averaged power is not zero, and power flows away from the antenna as an electromagnetic wave. In the far field, the shape of the antenna’s radiation pattern (see the sections “Antenna Directivity and Gain” and “Antenna Radiation Patterns”) does not change with distance. The amplitude of the radiation changes but not the shape of the pattern.

Because the boundary between the fields is not a precise distance, experts debate where one field begins and another leaves off but the boundary between the radiating near and far fields is generally accepted as:
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where L is the largest dimension of the physical antenna expressed in the same units of measurement as the wavelength, λ. Remember, many specialized antennas do not follow this equation’s rule of thumb exactly. Figure 1.8 depicts the three fields surrounding a simple dipole antenna. (An analysis of why this boundary is difficult to determine is provided in the article by Abdallah et al. in the Bibliography.)

[image: ]

Throughout the rest of this book, we will discuss mainly the radiating far fields, those forming the propagating electromagnetic waves and which will simply be referred to as the “far field.” In the far field, intensity is inversely proportional to the distance, and that the electric and magnetic components, although perpendicular to each other in the wave front, are in phase as defined earlier. (Remember that power density is proportional to the square of intensity so it is inversely proportional to the square of distance.) The total energy is equally divided between the electric and magnetic fields. Beyond several wavelengths from the antenna these are the only fields we need to consider. For the reader interested in learning more about the various regions of the antenna field, see Sections 2.2.4 on “Field Regions” and 4.4 on “Region Separation” in Antenna Theory by Balanis (see the References and Bibliography).

1.2.4 Radiation Resistance and Efficiency

The power supplied to an antenna is dissipated in two ways: radiation of electromagnetic waves and heat losses in the wire and nearby conductors and dielectric material. The radiated power is what we want, the useful part, but it represents a form of “loss” just as much as the power used in heating the wire or nearby dielectrics is a loss. In either case, the dissipated power is equal to I2R.

In the case of heat losses, R is a real resistance. In the case of radiation, however, R is a “virtual” resistance, which, if replaced with an actual resistor of the same value, would dissipate the power actually radiated from the antenna. This resistance is called the radiation resistance to the radiated electromagnetic wave, also called the radiation reaction. For the interested reader, a plain language explanation of radiation resistance is provided in Section 3.7 “Radiation Resistance and Efficiency” in Blake and Long’s Antennas (see References and Bibliography). Rudy Severns, N6LF, has also contributed “Some Thoughts on Radiation Resistance, Parts 1 and 2” in the online material.

The total power in the antenna is therefore equal to I2 (Rr+R), where Rr is the radiation resistance and R represents the total of all the loss resistances. Radiation efficiency is defined as:
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where loss resistance (R) is calculated from (or normalized to) the same point at which Rr is determined. As R is reduced, the antenna’s radiation efficiency increases.

It is important to understand that radiation resistance and the resistive part of feed point impedance are two different things. Radiation resistance is a property of the antenna and its environment, regardless of how power is applied. Feed point impedance varies with the location of the feed point and represents the ratio of applied voltage to the resulting current.

In antennas that are not electrically small compared to the signal wavelength, the power lost as heat in the conductor does not exceed a few percent of the total power supplied to the antenna. Expressed in decibels, the loss is less than 0.1 dB. The RF loss resistance of copper wire even as small as #14 AWG is very low compared with the radiation resistance of an antenna that is reasonably clear of surrounding objects and for which ground losses are low. You can therefore assume that the ohmic loss in a reasonably well located antenna is negligible and that the total resistance shown by the antenna (the feed point resistance) is radiation resistance. As a radiator of electromagnetic waves, such an antenna is a highly efficient device.

For antennas that are electrically small, incorporate loading or tuning circuits, are close to the ground (horizontal antennas), or rely on the ground as a path for current (vertical antennas), the power losses can be substantial. In these cases, such as small loops, mobile antennas, and vertical monopoles, it is important to reduce loss resistance wherever possible by using high-quality materials, ensuring that connections are secure and low-loss, and providing the lowest-loss current path practical.

1.2.5 Current And Voltage Distribution

When power is fed to an antenna, the current and voltage vary along its length. The current is minimum at the ends, regardless of the antenna’s length. The current does not actually reach zero at the current minima, because of capacitance at the antenna ends. Insulators, loops at the antenna ends and support wires all contribute to this capacitance, which is called the end effect. The opposite is true of the RF voltage. That is, there is a voltage maximum at the ends.

In the case of a half-wave antenna there is a current maximum at the center and a voltage minimum at the center as illustrated in Figure 1.9. The curved lines in the figure are not waveforms and do not represent the phase relationship of voltage and current. The curves only show the amplitude of the voltage and current at any point along the antenna. This is called the antenna’s voltage and current distribution. The pattern of alternating current and voltage minima 1⁄4 wavelength apart repeats every 1⁄2 wavelength along a linear antenna as shown in Figure 1.6B. The phase of the current and voltage are inverted in each successive half-wavelength section.

[image: ]

1.2.6 Feed Point Impedance

Since amateurs are free to choose our operating frequencies within assigned bands we need to consider how the feed point impedance of a particular antenna varies with frequency within a particular band or even in several different bands if we intend to use one antenna on multiple bands. Impedance is simply the ratio of voltage to current. Feed point impedance is the ratio of voltage to current at the point where power is supplied to the antenna. There are two components of feed point impedance: self impedance and mutual impedance.

Self Impedance

As you might expect, self impedance is what is measured at the feed point terminals of an antenna located completely free from the influence of any other conductors.

As you can see from Figure 1.9, self impedance is high for a feed point at the ends of a dipole where voltage is high and current is low. In the center of the dipole, feed point impedance is low, and it takes an intermediate value between those points. In the longer antenna of Figure 1.9B, there are several high-impedance and low-impedance points.

Where the current and voltage are exactly in phase, the self impedance is purely resistive with zero reactance and the antenna is resonant. (Amateurs often use the term “resonant” rather loosely, usually referring to a minimum value of SWR or an impedance of 50 Ω. Resonance has nothing to do with the value of the impedance, only that it is purely resistive.)

Is Resonance Required?
An antenna need not be resonant in order to be an effective radiator. There is, in fact, nothing magic about having a resonant antenna, provided of course that you can devise some efficient means to feed the antenna. Many amateurs use non-resonant (even random-length) antennas fed with open-wire transmission lines and antenna tuners. They radiate signals just as well as those using coaxial cable and resonant antennas and as a bonus can usually be used on multiple frequency bands. It is important to consider an antenna and its feed line as a system in which all losses should be kept to a minimum.


Except at the one frequency where it is exactly resonant, the current in an antenna has a different phase compared to the applied voltage. In other words, the antenna exhibits a feed point impedance that is not just a pure resistance. The feed point impedance is composed of either capacitive or inductive reactance in series with a resistance.

Mutual Impedance

Mutual, or coupled, impedance is due to the parasitic effect of nearby conductors located within the antenna’s reactive near field. This includes the effect of ground, which is a lossy conductor, but a conductor nonetheless. Mutual impedance is defined using Ohm’s law, just like self impedance. However, mutual impedance is the ratio of voltage in one conductor, divided by the current in another (coupled) conductor. Mutually coupled conductors can distort the pattern of a highly directive antenna, as well as change the impedance seen at the feed point. Mutual impedance and coupling will be considered in detail in the chapters Phased Arrays and HF Beam Antennas.

1.3 Antenna Directivity and Gain

From IEEE Std 145-2013, IEEE Standard for Definitions of Terms for Antennas, the directivity of an antenna measures the degree to which the radiation emitted is concentrated in a single direction. It is the ratio of the radiation intensity in a given direction from the antenna to the radiation intensity averaged over all directions. It is the property of radiating or receiving more strongly in some directions than in others.

1.3.1 The Isotropic Radiator

Before we can fully describe practical antennas, we must first introduce a completely theoretical antenna, the isotropic radiator. Envision an infinitely small antenna at a point located in free space and completely removed from anything else around it. Then consider an infinitely small transmitter feeding this infinitely small, point-size antenna. You now have an isotropic radiator.

The uniquely useful property of this theoretical point-source antenna is that it radiates equally well in all directions. An isotropic antenna favors no direction at the expense of any other. In other words, it has absolutely no directivity. The isotropic radiator is useful for comparison with actual antenna systems.

You will find later that real, practical antennas all exhibit some degree of directivity. The radiation from a practical antenna never has the same intensity in all directions and may even have zero radiation in some directions. The fact that a practical antenna displays directivity (while an isotropic radiator does not) is usually desirable. The directivity of a real antenna is often carefully tailored to emphasize radiation in particular directions. For example, a receiving antenna that favors certain directions can discriminate against interference or noise coming from other directions, thereby increasing the signal-to-noise ratio for desired signals coming from the favored direction.

1.3.2 Directivity And Gain

Let us now examine directivity more closely. As mentioned previously, all practical antennas, even the simplest types such as dipoles, exhibit directivity. Here’s another picture that may help explain the concept of directivity. Figure 1.10A shows a balloon blown into a spherical shape. This represents a “reference” isotropic source described previously. Squeezing the balloon in the middle in Figure 1.10B produces a dipole-like figure-8 pattern with peak levels at top and bottom that are larger than the reference sphere. Compare this with Figure 1.10C. Next, squeezing the bottom end of the balloon produces a pattern that gives even more “gain” compared to the reference. Note that the volume of the balloon, representing the total amount of power radiated by the antenna, does not increase when squeezed — its shape is only rearranged.
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Free-space directivity can be expressed quantitatively by comparing the three-dimensional pattern of the antenna under consideration with the perfectly spherical three-dimensional pattern of an isotropic antenna. For an isotropic antenna, the field strength (and thus power per unit area, or power density) is the same everywhere on the surface of an imaginary sphere having a radius of many wavelengths and centered on the antenna. For a directive antenna radiating the same total power as an isotropic antenna and surrounded by the same sphere, the directivity results in greater power density at some points on the sphere and less at others. The ratio of the maximum power density to the average power density taken over the entire sphere (which is the same as from the isotropic antenna under the specified conditions) is the numerical measure of the directivity of the antenna.
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where

D = directivity

P = power density at its maximum point on the surface of the sphere

Pav = average power density

Pav is equivalent to the power density from a loss-free isotropic radiator with the same radiated power. D can be expressed in dB with respect to the directivity of a reference antennas as 10 log [D/Dref].

Gain

The gain of an antenna is related to its directivity, and directivity is related to the shape of the directive pattern. Because directivity is based solely on the shape of the directive pattern, it does not take into account any power losses that may occur in an actual antenna system. To determine gain, these losses must be subtracted from the power supplied to the antenna. The loss is normally a constant percentage of the power input, so the antenna gain is:
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Introduction to the Decibel
The power gain and pattern measurements such as front-to-back ratio of an antenna system are usually expressed in decibels (dB). The decibel is a practical unit for measuring power ratios because it is more closely related to the actual effect produced at a distant receiver than the power ratio itself. One decibel represents a just-detectable change in signal strength, regardless of the actual value of the signal voltage. A 20-decibel (20 dB) increase in signal, for example, represents 20 observable steps in increased signal.
The power ratio 100 to 1 corresponds to 20 dB. The number of decibels corresponding to any power ratio is equal to 10 times the common logarithm of the power ratio, or
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If the voltage ratio is given, the number of decibels is equal to 20 times the common logarithm of the ratio. That is,
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When a voltage ratio is used, both voltages must be measured across the same value of impedance. Unless this is done the decibel figure is meaningless, because it is fundamentally a measure of a power ratio.
The main reason a decibel is used is that successive power gains expressed in decibels may simply be added together. Thus a gain of 3 dB followed by a gain of 6 dB gives a total gain of 9 dB. In ordinary power ratios, the ratios must be multiplied together to find the total gain.
A reduction in power is handled simply by subtracting the requisite number of decibels. Thus, reducing the power to 1⁄2 is the same as subtracting 3 decibels. For example, a power gain of 4 in one part of a system and a reduction to 1⁄2 in another part gives a total power gain of 4 × 1⁄2 = 2. In decibels, this is 6 – 3 = 3 dB. A power reduction or loss is simply indicated by including a negative sign in front of the appropriate number of decibels.
When P2 and V2 are some fixed reference value, a letter is added to “dB” to indicate “decibels with respect to” the reference value. This allows absolute values of power and voltage to be expressed in dB, as well. You will often encounter dBm (P2 = 1 mW) and dBµV (V2 = 1 µV) in amateur radio.
For more information about the decibel, read “A Tutorial on the Decibel” available at arrl.org/files/file/A%20Tutorial%20on%20the%20Decibel%20-%20Version%202_1%20-%20Formatted.pdf.


where

G = gain (expressed as a power ratio)

D = directivity

k = efficiency (power radiated divided by power input) of the antenna

P and Pav are as above

For many of the antenna systems used by amateurs, the efficiency is quite high (the loss amounts to only a few percent of the total). In such cases the gain is essentially equal to the directivity. The more the directive diagram is compressed — or, in common terminology, the sharper the lobe — the greater the power gain of the antenna. This is a natural consequence of the fact that as power is taken away from a larger and larger portion of the sphere surrounding the radiator, it is added to the volume represented by the narrow lobes. Power is therefore concentrated in some directions at the expense of others.

A simple approximation for gain over an isotropic radiator can be used, but only if the side lobes in the antenna’s pattern are small compared to the main lobe and if the resistive losses in the antenna are small.
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Where H3dB and E3dB are the half-power points, in degrees, (i.e., the beamwidth, see below) for the H and E-plane patterns. When the radiation pattern is complex, numerical integration must be employed to give the actual gain.

Beamwidth

Beamwidth is a measure of the width of the major lobe (or lobes) of the plotted pattern. The width is expressed in degrees at the half-power or –3 dB points. Beamwidth is often used as a general index of directivity and, therefore, gain. This information provides only a general idea of relative gain, rather than an exact measure. This is because an absolute measure involves knowing the power density at every point on the surface of a sphere, while a single diagram shows the pattern shape in only one plane of that sphere. It is customary to examine at least the E-plane and the H-plane patterns before making any comparisons between antennas.

dBi and dBd

Directivity and gain are usually expressed in decibels and are always calculated with reference to a standard antenna — usually an isotropic radiator or a dipole. Because the isotropic radiator has no directivity, meaning no variation of gain in any direction, it is an unambiguous standard and is frequently used as the comparison for gain measurements.

When the reference for directivity or gain is the isotropic radiator, they are expressed as dBi, with the “i” indicating “isotropic.” When the reference is a dipole, dBd is used with the “d” indicating “dipole.” The dipole’s direction of maximum radiation, broadside to the antenna, is used as the reference. When the reference antenna is an isotropic antenna, then DdBi = 10 log [D]. If the reference antenna is a dipole, then DdBd = 10 log [D / 1.64].

Because the dipole in free space has some gain compared to an isotropic radiator, the dipole’s gain can be expressed as 2.15 dBi in its direction of maximum radiation. Gain in dBi can be converted to dBd by subtracting 2.15 dB. Gain in dBd can be converted to dBi by adding 2.15 dB.

Free-Space Gain

It is also important to know if the reference antenna gain was obtained with the antenna in free space. This is called free-space gain. If the antenna is located over ground or some other reflecting surface, the reflections will modify its radiation pattern. The reflected energy adds to the direct radiation, increasing the gain of the antenna in some directions. This additional gain is referred to as ground gain and can be as much as 6 dB at certain heights and elevation angles. Because the height above ground and the type of ground affect the amount of ground gain, the best comparison standard is either dBi or dBd in free space. For more information about ground reflections, see the chapters on Effects of Ground and HF Antenna System Design.

Receive Directivity Factor

Receive directivity factor (RDF) is the difference between an antenna’s peak gain and gain averaged over all directions. (See the Receiving Antennas chapter and the entry for Ordy in the Bibliography.) RDF is measured in dB and is used to determine how well an antenna will reject noise or interference from directions away from the main lobe.

Mean Effective Gain (dB-MEG)

dB-MEG is similar to RDF in that MEG measures gain in both the E- and H-plane over the whole hemisphere above ground or a ground plane. This provides an idea of how the antenna responds to signals coming in from all elevations and azimuths. It is defined as the ratio of average power received by the antenna to the sum of the average powers that would had been received by two reference antennas, vertically and horizontally polarized, respectively. MEG is most useful in VHF/UHF mobile environments where signals are heavily reflected and received with random polarizations. See the Reference entry under A. Glazunov for a more thorough explanation of MEG.

1.3.3 Antenna Aperture And Gain

An antenna’s effective area defines its effective aperture. Aperture is a way of thinking about how much power an antenna receives from incoming signals in specific directions. It is defined as an area so you might think of an antenna’s aperture as showing “how big” it is with respect to incoming radio waves.

Imagine a dipole antenna on the surface of sphere that surrounds a signal source. The sphere is so large that we can assume the waves arriving at the dipole from the source are flat plane waves with a certain power density, PR, as defined earlier in W/m2. Assuming the plane wave and the dipole have the same polarization, if the dipole receives some amount of power, P0, in watts from the wave, its effective area or effective aperture, Ae, in square meters, is:
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For example, say that the plane wave has a power density of 100 µW/m2 at the antenna, which receives 10 µW. The antenna’s effective area is 10 µW / 100 µW/m2 = 0.1 m2.

We cannot assume the aperture of an antenna is directly related to its physical dimensions. A linear wire antenna may have an effective aperture that is much greater than its very small physical area while a dish or horn antenna may have a slightly smaller effective aperture than its physical area.

Note that an antenna’s aperture is only defined in a specific direction. Going back to the dipole, if it is rotated so that it is no longer aligned with the incoming wave’s E field, it will receive less power and will have a smaller effective aperture. At the dipole’s fundamental frequency, its maximum aperture will be broadside to the antenna but much smaller to either end.

Aperture also depends on frequency and wavelength. From Zavrel’s explanation of aperture in Chapter 2 of Antenna Physics: An Introduction (see the References and Bibliography), “a 7 MHz dipole is considerably larger than a 144 MHz dipole. Intuitively we think that a much bigger structure will couple more power into…(or) from free space. If our intuition is correct, we should arrive at different aperture values for different frequencies.” He goes on to show that the aperture of an antenna “increases at a rate equal to the square of wavelength, or the reciprocal of the square of the frequency” and that the aperture of an isotropic antenna is:
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Since gain is the ratio of power received by the antenna under consideration to an isotropic radiator, we have the fundamental equation relating gain and aperture:
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and 10 log (G) is gain in dBi.

Since antennas are reciprocal, they have the same aperture and therefore, gain, for receiving and transmitting are the same when certain conditions are met. One such condition is that both antennas must work into load impedances matched to their own impedances, so that maximum power is transferred in both cases. In the receiving case, the antenna is the source of power delivered to the receiver, rather than the load for a source of power (as in transmitting). Maximum possible output from the receiving antenna is obtained when the load to which the antenna is connected is the same as the feed point impedance of the antenna. We then say that the antenna is matched to its load.

In addition, the comparison antenna should be oriented so it gives maximum response to the signal used in the test. That is, it should have the same polarization as the incoming signal and should be placed so its direction of maximum gain is toward the signal source.

1.4 Antenna Radiation Patterns

The directivity of an antenna is directly related to the pattern of its radiated field intensity in free space. A graph showing the actual or relative field intensity at a fixed distance as a function of the direction from the antenna system, is called a radiation pattern. Since we can’t actually see electromagnetic waves making up the radiation pattern of an antenna, we can consider an analogous situation.

Figure 1.11 represents a flashlight shining in a totally darkened room. To quantify what our eyes are seeing we might use a sensitive light meter like those used by photographers, with a scale graduated in units from 0 to 10. We place the meter directly in front of the flashlight and adjust the distance so the meter reads 10, exactly full scale. We also carefully note the distance. Then, always keeping the meter the same distance from the flashlight and keeping it at the same height above the floor, we move the light meter around the flashlight, as indicated by the arrow, and take light readings at a number of different positions.
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After all the readings have been taken and recorded, we plot those values on a sheet of polar graph paper, like that shown in Figure 1.12. The values read on the meter are plotted at an angular position corresponding to that at which each meter reading was taken. Following this, we connect the plotted points with a smooth curve, also shown in the figure. When this is finished, we have completed a radiation pattern for the flashlight.
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Antenna radiation patterns can be constructed in a similar manner. Power is fed to the antenna under test and a field-strength meter indicates the amount of signal. We might wish to rotate the antenna under test, rather than moving the measuring equipment to numerous positions about the antenna. Since the pattern while receiving is the same as that while transmitting (see the section on Reciprocity later in this chapter), a source antenna fed by a low-power transmitter illuminates the antenna under test and the signal intercepted by the antenna under test is fed to a receiver and measuring equipment. Additional information on the mechanics of measuring antenna patterns is contained in the chapter Antenna and Transmission Line Measurements.

Some precautions must be taken to assure that the measurements are accurate and repeatable and one of the most important is to prevent mutual coupling between the source and receiving antennas that may alter the pattern you are trying to measure. This sort of mutual coupling can occur in the near field very close to the antenna under test and can be inductive or capacitive in nature. Later, in the chapters dealing with arrays of antennas, you will find that mutual coupling between elements can be put to good use to purposely shape the radiated pattern. When making pattern measurements, however, for accurate measurement of radiation patterns we must place our measuring instrumentation at least several wavelengths away from the antenna under test.

1.4.1 Types Of Radiation Patterns

In the example of the flashlight, the plane of measurement was at one consistent height above the floor. In Figure 1.13A a similar radiation pattern is shown for a half-wavelength dipole (see the Dipoles and Monopoles chapter) in free space, measured in a single plane containing the antenna wire. The antenna is located at the exact center of the plot with its orientation specified by the two-headed arrow. The antenna radiates best broadside to the wire axis and hardly at all off the ends of the wire.
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Radiation patterns are graphic representations of an antenna’s directivity. Shown in polar coordinates (see the math tutorial reference in the online information for this book for information about polar coordinates), the angular scale shows direction and the scale from the center of the plot to the outer ring. The smooth line in the shape of a figure 8 shows the relative strength of the antenna’s radiated signal at each angle.

The pattern in Figure 1.14 shows both nulls (angles at which a pattern minimum occurs) and lobes (radiation at angles between nulls). The main lobe is the lobe with the highest amplitude unless noted otherwise and unless several plots are being compared, the peak amplitude of the main lobe is placed at the outer ring as a reference point. The peak of the main lobe can be located at any angle. All other lobes are side lobes which can be at any angle, including to the rear of the antenna. In addition to the labels showing the main lobe and nulls in the pattern, the so-called half-power points on the main lobe are shown. These are the angles at which the power is one-half of the peak value in the main lobe.
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Actually, the pattern for any antenna is three-dimensional and therefore cannot be represented by a single-plane drawing. The total radiation pattern of an antenna in free space would be found by measuring the field strength at every point on the surface of an imaginary sphere having the antenna at its center. The information so obtained would then be used to construct a solid figure, where the distance from a fixed point (representing the antenna) to the surface of the figure is proportional to the field strength from the antenna in any given direction. Figure 1.13B shows a three-dimensional solid representation of the radiation pattern of a half-wave dipole. Figure 1.13A can be thought of as a cross-section of the solid pattern through the axis of the antenna. Two such diagrams, one in the plane containing the straight wire of a dipole and one in the plane perpendicular to the wire, can convey a great deal of information. After a little practice and with the exercise of some imagination, the complete solid pattern can be visualized with fair accuracy from inspection of the two planar diagrams, provided of course that the solid pattern of the antenna is smooth such as for simple antennas like the dipole of Figure 1.13.

Azimuth and Elevation Patterns

When a radiation pattern is shown for an antenna mounted over ground rather than in free space, we automatically gain two frames of reference: an azimuth angle and an elevation angle. The azimuth angle is usually referenced to 0 degrees in the direction of maximum radiation from the antenna or it could be referenced to True North for an antenna oriented in a particular compass direction.

The elevation angle is referenced to the horizon at the Earth’s surface, where the elevation angle is 0 degrees. Of course, the Earth is round but because its radius is so large, it can in this context be considered to be flat in the area directly under the antenna. An elevation angle of 90 degrees is directly above the antenna (the zenith) and the angles then reduce back to 0 degrees toward the horizon directly behind the antenna. (Professional antenna engineers often describe an antenna’s orientation with respect to the point directly overhead — using the zenith angle, rather than the elevation angle. The elevation angle is computed by subtracting the zenith angle from 90 degrees.)

Figure 1.14 is an azimuthal or azimuth pattern that shows the antenna’s gain in all horizontal directions (azimuths) around the antenna. As with a map, 0 degrees is at the top and bearing angle increases clockwise. (This is different from polar plots generated for mathematical functions in which 0 degrees is at the right and the angle increases counter-clockwise.)

Figure 1.15 is an elevation pattern that shows the same antenna’s directivity but this time at all vertical angles. In this case, the horizon at 0 degrees is located to both sides of the antenna and the zenith (directly overhead) at 90 degrees. The plot shown in Figure 1.15 assumes the presence of ground (the horizontal axis from 0 degrees to 0 degrees). The ground reflects or blocks radiation at negative elevation angles, making below-surface radiation plots unnecessary. In free space, the plot would include the missing semicircle with –90 degrees at the bottom. Without the ground reference, the term “elevation” has little meaning, however.
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For amateur work, relative values of field strength (rather than absolute values) are quite adequate in pattern plotting. In other words, it is not necessary to know how many microvolts per meter a particular antenna will produce at a distance of 1 mile when excited with a specified power level. (This is the kind of specification that AM broadcast stations must meet to certify their antenna systems to the FCC.)

Regardless of whether the data is collected by measurements, simulated by computer software, or calculated from theoretical equations, it is common to normalize the plotted values so the field strength in the direction of maximum radiation coincides with the outer edge of the chart. That way, on a given system of polar coordinate scales the shape of the pattern is not altered by proper normalization, only its size. (See the section “Coordinate Scales for Radiation Patterns” later in this chapter for information about how radiation pattern scales are determined.)

E- and H-Plane Patterns

You’ll also encounter E-plane and H-plane radiation patterns. These show the antenna’s radiation pattern in the plane parallel to the E field or H field of the antenna. For antennas with horizontal elements, the E field is in the horizontal plane, so the E-plane radiation pattern is the same as an azimuthal pattern in the plane of the antenna. The H field is perpendicular to the E field, so the H-plane pattern is in a plane perpendicular to the E-plane pattern. If the E-plane pattern is an azimuthal pattern, then the H-plane pattern will be an elevation pattern.

It’s important to remember that the E plane and H plane do not have a fixed relationship to the Earth’s surface. For example, the E-plane pattern from a horizontal dipole is an azimuthal pattern but if the same dipole is oriented vertically, the E-plane pattern becomes an elevation pattern. For this reason, most E- and H-plane radiation patterns are created with the antenna in free space.

Polar Coordinates

It is often helpful to consider the radiation pattern from an antenna in terms of polar coordinates, rather than trying to think in purely linear horizontal or vertical coordinates. The reference axis in the polar system shown in Figure 1.16 is vertical to the Earth under the antenna. The zenith angle is usually referred to as θ (Greek letter theta) and the azimuth angle is referred to as φ (Greek letter phi). Instead of zenith angles, most amateurs are more familiar with elevation angles, where a zenith angle of 0 degrees is the same as an elevation angle of 90 degrees, straight overhead.
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Coordinate Scale Systems for Radiation Patterns

A number of different coordinate scales or grid systems are in use for plotting antenna patterns. Polar coordinate systems use an amplitude scale that is one of three types: linear, logarithmic, and modified logarithmic. Azimuth or elevation angle is shown directly on the outer circle. Cartesian coordinates or rectangular grid systems generally use a logarithmic vertical scale (dB) with angle (azimuth or elevation) in degrees on the horizontal scale.

A very important point to remember is that the shape of a pattern (its general appearance) is highly dependent on the system used for the plotting. This is illustrated in Figure 1.17, where the radiation pattern for a beam antenna is presented using three polar coordinate systems discussed in the paragraphs that follow.

[image: ]

Linear Coordinate Systems

The polar coordinate system in Figure 1.17A uses a linear amplitude scale. Equally spaced divisions could be used but to correspond to the usual signal level definitions, concentric circles are spaced to represent a decibel response, referenced to 0 dB (maximum amplitude) at the outer edge of the plot. In these plots the minor lobes with peaks more than 15 dB or so below the main lobe disappear completely because of their small size. Linear coordinate scales are not common.

Logarithmic Coordinate System

Another coordinate system is the logarithmic scale, where the concentric grid lines are spaced according to the logarithm of the signal amplitude. See Figure 1.17B. The scale circles are graduated in steps of a consistent dB value. In that sense, the logarithmic grid might be termed a linear-log grid, one having linear divisions calibrated in decibels.

This grid enhances the appearance of the minor lobes. If the intent is to show the radiation pattern of an array supposedly having an omnidirectional response, this scale will also enhance that appearance. An antenna having a difference of 8 or 10 dB in pattern response around the compass appears to be closer to omnidirectional on this scale than on any of the others.

ARRL Log Coordinate System

The modified logarithmic scale in Figure 1.17C used by the ARRL has a system of concentric circles spaced according to the logarithm of 0.89 times the value of the signal voltage. In this grid, minor lobes that are 30 and 40 dB down from the main lobe are distinguishable. Such lobes are of concern in VHF and UHF work. The spacing between plotted points at 0 dB and –3 dB is significantly greater than the spacing between –20 and –23 dB, which in turn is significantly greater than the spacing between –50 and –53 dB.

For example, the scale distance covered by 0 to –3 dB is about 1/10 of the radius of the chart. The scale distance for the next 3-dB increment (to –6 dB) is slightly less, 89% of the first, to be exact. The scale distance for the next 3-dB increment (to –9 dB) is again 89% of the second. The scale is thus constructed so that the innermost two circles represent –36 and –48 dB and the chart center represents –100 dB. This spacing corresponds generally to the relative significance of such changes in antenna performance.

To construct this pattern in software, the distance of a gain point from the center of the circle = radius × 0.89(–g/3), where radius is the radius of the pattern’s outer ring and g is the normalized gain in dB (g = 0 dB when g = maximum gain). When g is an integer multiple, n, of –3 dB, the distance is 0.89n, which is equivalent to n times 89%. (Thanks to VA2EW for this formula.)

Antenna pattern plots in this book are generally made on the modified-log scale similar to that shown in Figure 1.17C. Patterns plotted by modeling software such as EZNEC may use a similar but somewhat different scale.

Rectangular Coordinate Systems

While polar coordinates show the direction of radiation pattern features directly as azimuth angles, a rectangular grid or cartesian coordinates as in Figure 1.18 makes it easier to display low-level minor lobes and other pattern structure. Multiple patterns in polar coordinates can be difficult to compare, particularly at low amplitudes close to the center of the plot. The vertical axis shows signal strength on a logarithmic scale calibrated in dB and the azimuth or elevation angle on the horizontal axis. The rectangular grid also makes comparison of antenna patterns much easier since the low-level features are not compressed into the area around the origin. Rectangular grids are very common in professional literature.
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1.4.2 Radiation Pattern Metrics

Given the basic radiation pattern and scales, it becomes easy to define several useful measurements or metrics by which antennas are compared by using their azimuthal patterns. Beamwidth is such a measurement and was defined in a previous section.

To reiterate from the previous sections, because an isotropic antenna has equal gain in all directions it is often used as a reference for gain measurements. Gain with respect to an isotropic antenna is stated as dBi. Gain with respect to a dipole’s maximum gain, broadside to the antenna is stated as dBd. The dipole’s maximum gain is 2.15 dB greater than that of the isotropic antenna. To convert from gain given as dBi to dBd, subtract 2.15 dB. Note that to specify gain in dBd, the dipole must be at the same effective height as the antenna being specified. Alternately, the free-space values for gain could be used. Be sure to state clearly which set of values are used.

Next to gain, the most commonly used metric for directional antennas is the front-to-back ratio (F/B) or just “front-to-back.” This is the difference in dB between the antenna’s gain in the specified “forward” direction and in the opposite direction. The front-to-back ratio of the antenna in Figure 1.14 is about 11 dB. Front-to-side ratio is also used and is the difference between the antenna’s “forward” gain and gain at right angles to the forward direction. This assumes the radiation pattern is symmetric and is of most use to antennas such as Yagis and quads that have elements arranged in parallel planes. The front-to-side ratio of the antenna in Figure 1.14 is more than 30 dB. Because the antenna’s rearward pattern can have large amplitude variations, the front-to-rear ratio is sometimes used. Front-to-rear uses the average of rearward gain over a specified angle, usually the 180-degree semicircle opposite the direction of the antenna’s maximum gain, instead of a single gain figure at precisely 180 degrees from the forward direction.

In Figure 1.14, the antenna’s beamwidth is about 54 degrees, since the pattern crosses the –3 dB gain scale approximately 27 degrees to either side of the peak direction. Antenna patterns with comparatively small beamwidths are referred to as “sharp” or “narrow.”

An antenna with an azimuthal pattern that shows equal gain for all azimuths is called omnidirectional. This is not the same as an isotropic antenna that has equal gain in all directions, both azimuth and elevation.

1.5 Other Antenna Characteristics

1.5.1 Antenna Bandwidth

The bandwidth of an antenna refers generally to the range of frequencies over which the antenna can be used to obtain a specified level of performance. The bandwidth can be specified in units of frequency (MHz or kHz) or as a percentage of the antenna’s design frequency.

Popular amateur usage of the term antenna bandwidth most often refers to the 2:1 SWR (standing wave ratio) bandwidth, such as, “The 2:1 SWR bandwidth is 3.5 to 3.8 MHz” or “The antenna has a 10% SWR bandwidth” or “On 20 meters, the antenna has an SWR bandwidth of 200 kHz.” (Standing wave ratio or SWR is discussed in the Transmission Lines chapter.) Other specific bandwidth terms are also used, such as the gain bandwidth (the bandwidth over which gain is greater than a specified level) and the front-to-back ratio bandwidth (the bandwidth over which front-to-back ratio is greater than a specified level).

As operating frequency is lowered, an equivalent bandwidth in percentage becomes narrower in terms of frequency range in kHz or MHz. For example, a 5% bandwidth at 21 MHz is 1.05 MHz (more than wide enough to cover the whole band) but at 3.75 MHz only 187.5 kHz! Because of the wide percentage bandwidth of the lower frequency bands (160 meters is 10.5% wide, 80 meters is 13.4% wide) it is difficult to design an antenna with enough bandwidth to cover the whole band.

It is important to recognize that SWR bandwidth does not always relate directly to gain bandwidth. Depending on the amount of feed line loss, an 80-meter dipole with a relatively narrow 2:1 SWR bandwidth can still radiate a good signal at each end of the band, provided that an antenna tuner is used to allow the transmitter to load properly. Broadbanding techniques, such as fanning the far ends of a dipole to simulate a conical type of dipole, can help broaden the SWR bandwidth.

Q of Antennas

As with circuits, antennas can also be considered to have Q which affects their SWR bandwidth. In an antenna, Q is a measure of how much energy is stored in the near field compared to how much is radiated during each cycle. Higher values of Q can result from low radiation resistance, as is the case for electrically small antennas, and result in reduced antenna bandwidth.

High-Q antennas often have high voltage and currents due to the high stored energy, just as high-Q LC circuits have high voltages and circulating currents. This is discussed in detail in the paper by Yaghjian and Best, “Impedance, Bandwidth and Q of Antennas,” listed in the References and Bibliography section of this chapter. Because of the high stored energy, high-Q antennas can create hazardous E and H field strengths in their near field. When using power levels of more than a few watts with a high-Q antenna, be cautious about people being close to the antenna.

1.5.2 Antenna Factor

When measuring field strength for RF exposure or EMI testing, it is important to understand that the voltage measured at the output terminals of an antenna is not the actual field intensity due to actual antenna gain, aperture characteristics, and loading effects. To convert between field strength and output voltage, antenna factor (AF) is used.

Antenna factor is defined as the ratio of the electric field, E, in V/m or μV/m, to the voltage, V, in V or μV, generated by the field across the terminals of an antenna. Antenna factor has units of m-1 or “per meter” and is calculated as AF = E / V. (E and V are RMS values, not instantaneous values.) If using dB units, AF = E (in dBV/m) – V (in dBV). dBµV/m and dBµV can also be used but both quantities must use the same units. To measure the magnetic field, H, the field strength is in units of A/m and the resulting antenna factor is in units of A/(V-m).

For a 50 Ω load on the antenna:
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where

Ae = (λ2G)/4π = the antenna’s effective aperture in meters

PD = Power density in W/m2 at the antenna

G = the antenna gain (a linear ratio, not dB)

λ = wavelength in meters

1.5.3 Frequency Scaling

Any antenna design can be scaled in size for use on another frequency or on another amateur band. The dimensions of the antenna may be scaled as follows:
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where

D = scaled dimension

d = original design dimension

f1 = original design frequency

f2 = scaled frequency (frequency of intended operation)

From this equation, a published antenna design for, say, 14 MHz can be scaled in size and constructed for operation on 18 MHz, or any other desired band. Similarly, an antenna design could be developed experimentally at VHF or UHF and then scaled for operation in one of the HF bands. For example, an element of 39.0 inches length at 144 MHz would be scaled to 14 MHz as follows: D = 144/14 × 39 = 401.1 inches, or 33.43 feet.

To scale an antenna properly, all physical dimensions must be scaled, including element lengths, element spacings, boom diameters and element diameters.

Lengths and spacings may be scaled in a straightforward manner as in the above example, but element diameters are often not as conveniently scaled. For example, assume a 14 MHz antenna is modeled at 144 MHz and perfected with 3⁄8-inch cylindrical elements. For proper scaling to 14 MHz, the elements should be cylindrical, of 144/14 × 3⁄8 or 3.86 inches diameter. From a realistic standpoint, a 4-inch diameter might be acceptable, but cylindrical elements of 4-inch diameter in lengths of 33 feet or so would be quite unwieldy (and quite expensive, not to mention heavy). Choosing another, more suitable diameter is the only practical answer and will result in changes to the antenna’s performance. To correct for the different electrical sizes, the design will have to be remodeled or recalculated and adjusted, using actual sizes.

Diameter Scaling

Simply changing the diameter of dipole type elements during the scaling process is not satisfactory without making a corresponding element-length correction. This is because changing the diameter results in a change in the length/diameter (l/d) ratio from the original design, and this alters the corresponding resonant frequency of the element. The element length must be corrected to compensate for the effect of the different diameter actually used.

To be more precise, however, the purpose of diameter scaling is not to maintain the same resonant frequency for the element, but to maintain the same ratio of self-resistance to self-reactance at the operating frequency — that is, the Q of the scaled element should be the same as that of the original element. This is not always possible to achieve exactly for elements that use several telescoping sections of tubing.

Tapered Elements

Rotatable beam antennas are usually constructed with elements made of metal tubing. The general practice at HF is to taper the elements with lengths of telescoping tubing. The center section has a large diameter, but the ends are relatively small. This reduces not only the weight, but also the cost of materials for the elements. Tapering of HF Yagi elements is discussed in detail in the chapter on HF Beam Antennas.

Length Correction for Tapered Elements

The effect of tapering an element is to alter its electrical length. Two elements of the same length, one cylindrical and one tapered but with the same average diameter as the cylindrical element, will not be resonant at the same frequency. The tapered element must be made longer than the cylindrical element for the same resonant frequency.

A procedure for calculating the length for tapered elements has been worked out by Dave Leeson, W6NL, from work done by Schelkunoff at Bell Labs and is presented in Leeson’s book, Physical Design of Yagi Antennas. On the ARRL Antenna Book website is a subroutine called EFFLEN.FOR. It is written in Fortran and is used in the SCALE program to compute the effective length of a tapered element. The algorithm uses the Leeson-Schelkunoff algorithm and is commented step-by-step to show what is happening. Calculations are made for only one half of an element, assuming the element is symmetrical about the point of boom attachment.

Also, read the documentation in SCALE.PDF for the SCALE program, which will automatically do the complex mathematics to scale a Yagi design from one frequency to another, or from one taper schedule to another. (Both SCALE and EFFLEN.FOR are available for download from arrl.org/antenna-book-reference.)

1.5.4 Effective Radiated Power (Erp)

When evaluating total station performance, accounting for the effects of the entire system is important, including antenna gain. This allows you to evaluate the effects of changes to the station. Transmitting performance is usually computed as effective radiated power (ERP). ERP is calculated with respect to a reference antenna system — usually a dipole but occasionally an isotropic antenna — and answers the question, “How much power does my station radiate as compared to that if my antenna was a simple dipole?” Effective isotropic radiated power (EIRP) results when an isotropic antenna is used as the reference. If no antenna reference is specified, assume that ERP uses a dipole as the reference antenna. (The abbreviation EDRP is sometimes used to clarify that a dipole is the reference.) ERP is most often used by amateurs when working with repeater stations, so the examples here show typical calculations in that setting.

ERP calculations begin with the transmitter power output (TPO). (This is assumed to be the output of the final power amplification stage if an external power amplifier is used.) Then the system gain of the entire antenna system including the antenna, the transmission line, and all transmission line components is applied to TPO to compute the entire station’s output power.

System Gain = Transmission Line Loss – Transmission Components Loss + Antenna Gain

There is always some power lost in the feed line and often there are other devices inserted in the line, such as a filter or an impedance-matching network. In the case of a repeater system, there is usually a duplexer so the transmitter and receiver can use the same antenna and perhaps a circulator to reduce the possibility of intermodulation interference. These devices also introduce some loss to the system. The antenna system then usually returns some gain to the system. (See the Transmission Lines chapter for information on feed line loss.)

ERP = TPO × System Gain

Since the system gains and losses are usually expressed in decibels, they can simply be added together, with losses written as negative values. System gain must then be converted back to a linear value from dB to calculate ERP.
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It is also common to work entirely in dBm and dB until the final result for ERP is obtained and then converted back to watts. (dBm represents “decibels with respect to one mW” such that 0 dBm = 1 mW, 30 dBm = 1 W, and so forth.)

ERP (in dBm) = TPO (in dBm) + System Gain (in dB)

Suppose we have a repeater station that uses a 50 W transmitter and a feed line with 4 dB of loss. There is a duplexer in the line that exhibits 2 dB of loss and a circulator that adds another 1 dB of loss. This repeater uses an antenna that has a gain of 6 dBd. Our total system gain looks like:

System gain = –4 dB + –2 dB + –1 dB + 6 dBd = –1 dB

Note that this is a loss of 1 dB total for the system from TPO to radiated power. The effect on the 50 W of TPO results in:
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This is consistent with the expectation that with a 1 dB system loss we would have somewhat less ERP than transmitter output power.

As another example, suppose we have a transmitter that feeds a 100 W output signal into a feed line that has 1 dB of loss. The feed line connects to an antenna that has a gain of 6 dBd. What is the effective radiated power from the antenna? To calculate the total system gain (or loss) we add the decibel values given:

System gain = – 1 dB + 6 dBd = 5 dB

and
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The total system has positive gain, so we should have expected a larger value for ERP than TPO. Keep in mind that the gain antenna concentrates more of the signal in a desired direction, with less signal in undesired directions. So, the antenna doesn’t really increase the total available power. If directional antennas are used, ERP will change with direction.

Example: What is the effective radiated power of a repeater station with 150 W transmitter power output, 2 dB feed line loss, 2.2 dB duplexer loss, and 7 dBd antenna gain?

System gain = –2 dB – 2.2 dB + 7 dBd = 2.8 dB
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Example: What is the effective radiated power of a repeater station with 200 W transmitter power output, 4 dB feed line loss, 3.2 dB duplexer loss, 0.8 dB circulator loss, and 10 dBd antenna gain?

System gain = –4 – 3.2 – 0.8 + 10 = 2 dB
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What is the effective isotropic radiated power of a repeater station with 200 W transmitter power output, 2 dB feed line loss, 2.8 dB duplexer loss, 1.2 dB circulator loss, and 7 dBi antenna gain?

System gain = –2 – 2.8 – 1.2 + 7 = 1 dB
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1.5.5 Ionospheric Propagation and Reciprocity

In long-distance transmission and reception via the ionosphere, the relationship between receiving and transmitting may not be exactly reciprocal. This is because the waves do not always follow exactly the same paths at all times and may vary the amount of time it takes for a transmission to travel between two stations. Also, when more than one ionospheric layer is involved in the wave travel (see the chapter Radio Wave Propagation), it is sometimes possible for reception to be good in one direction and poor in the other over the same path.

Wave polarization usually shifts in the ionosphere. The tendency is for the arriving wave to be elliptically polarized, regardless of the polarization of the transmitting antenna. Vertically polarized antennas can be expected to show no more difference between transmission and reception than horizontally polarized antennas. On average, however, an antenna that transmits well in a certain direction also gives favorable reception from the same direction, despite ionospheric variations.
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Chapter 2

Dipoles and Monopoles

Dipoles and monopoles are not only popular antennas, they are the basic elements from which most antennas used by amateurs are constructed, including beams. This chapter explores the basic characteristics of these antennas in support of the specific designs the reader will encounter later in the book. Material from previous editions is augmented by contributions from the dipole and vertical chapters of the 5th edition of ON4UN’s Low-Band DXing. Additional material is adapted from Robert Zavrel, Jr., W7SX’s ARRL book, Antenna Physics: An Introduction, 2nd edition.

2.1 Dipoles

The dipole is a fundamental antenna — in its most common form it is about one-half wavelength long at the frequency of use. (See Figure 2.1.) Many types of more complex antennas are constructed from elements that approximate dipoles. Its name, di- meaning two and -pole meaning electrical polarity, describes the opposite voltages on each half of the antenna, creating two electrical halves.

Figure 2.2 shows how the magnitudes of voltage and current vary along a half-wave dipole. The dipole has opposite voltages on either side of center, reaching a maximum at each end. The current at each end of a dipole is approximately zero. If the dipole is one-half wavelength long, the current is maximum at the center. This is the distribution of voltage and current. The distribution of current, in particular, determines how a dipole radiates.

If the dipole is resonant, the instantaneous waveforms of the voltage and current are exactly in phase. This means that the antenna’s feed point impedance is purely resistive with no reactance. At resonance the stored energies in the electric and magnetic fields around the antenna are exactly equal.
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2.1.1 Effects of Conductor Diameter

The physical length of a resonant 1⁄2-λ antenna will not be exactly equal to the half wavelength of a radio wave of that frequency in free space, but depends on the thickness of the conductor in relation to the wavelength as shown in Figure 2.3. Table 2.1 gives resonant lengths for dipoles in free space, made of #12 AWG bare copper wire. If thinner wire is used, the resonant length will be a few percent longer, and vice versa.
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An additional shortening effect occurs with wire antennas supported by insulators at the ends (and at the feed point) because of the capacitance added to the system by the loops of wire through the insulators. This shortening is called end effect.

K Factor

Based on the standard value for the speed of light, the wavelength, λ, of an electromagnetic wave in free-space at frequency, f, is given by:
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and for one-half wavelength:
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A dipole with a length of exactly one-half of a free-space wavelength λ/2 has an impedance of 73.079 + j42.515 Ω, essentially independent of wire diameter. The dipole must be shortened to achieve resonance where reactance is equal to zero. As the diameter of a conductor increases, its capacitance per unit length increases and inductance per unit length decreases. This increases the ratio of stored electric field energy to magnetic field energy, with the result of lowering the frequency at which the dipole is resonant. Stated another way: For a given frequency, the larger a conductor’s diameter, the lower the frequency at which a dipole made of that conductor is resonant.

A dipole’s resonant length is given by the product of the free-space half-wavelength and a constant, K:
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where K is a constant between zero and one, 0 < K < 1, that depends on the dipole’s “thickness.” There are several ways to express dipole thickness. Antenna builders prefer to specify dipole thickness in terms of the half-wavelength-to-diameter ratio (λ/2)/d because a builder generally knows d and wants to calculate L. (Antenna theorists use the parameter Ω = 2 × ln (2L/d), where ln( ) is the natural logarithm.) The graph in Figure 2.3 satisfies this need and allows dipole resonant length to be determined for a given physical thickness and frequency. Most half-wavelength dipoles at HF typically have (λ/2)/d ratios in the range of 2500 to 25,000 with values of K from 0.97 to 0.98.

History of the K Factor Graph
All ARRL Handbooks and Antenna Books from 1947 through 1996 published a graph of the K factor and dipole resonant resistance. The graphs were based on an early but approximate solution of Hallén’s equation due to R.W.P King, F.G. Blake, and C.W. Harrison. Separately, the RSGB published a graph of the K factor based on R.A. Smith (1949) that was based on Schelkunoff’s induced EMF (IEMF) equations. However, the ARRL and RSGB graphs did not agree.
In 1996, L.B. Cebik, W4RNL, pointed out that the ARRL’s 70-year old K factor graph did not agree with NEC2 calculations. So, from 1998 to 2018, the ARRL published a revised K factor graph that was based on NEC2 modeling. Steve Stearns, K6OIK, discovered that although the original graph had overestimated K, the revised graph underestimated it! (See the discussion of Method of Moments accuracy in the Antenna Modeling chapter.) Consequently, the ARRL published a second revised graph beginning with the 2019 ARRL Handbook. The new revised graph, which is shown here in Figure 2.3 and based on Eq 3, is the result of a re-analysis of Schelkunoff and the IEMF method and has been checked against authoritative theory, approximations, and data published by C.T. Tai, R.S. Elliott, and the late R.C. Hansen. — Contributed by Steve Stearns, K6OIK


While K can be determined exactly from the induced EMF method (see the Bibliography entry for Hansen), K6OIK gives a simpler formula for K:
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Example 1: A half-wavelength dipole for 7.2 MHz has an uncorrected length of 491.786 / 7.2 = 68.3 feet. If it is made from #12 AWG wire (0.081 inch diameter), it has a (λ/2)/d ratio of:
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From Figure 2.3 or Eq 3, a (λ/2)/d ratio of 10,119 gives K = 0.974. Thus, by Eq 2, the resonant length of the half-wavelength dipole is 0.974 × 68.3 = 66 feet 7 inches.

It should be understood that K is not a velocity factor because it is unrelated to waves or the speed of wave travel. Rather, K arises because if a dipole is exactly one-half wavelength long, the stored energies in the electric and magnetic fields are not exactly equal. A dipole must be shortened to obtain equality and resonance.

The graph shown in Figure 2.3 and Eq 3 were determined by Steve Stearns, K6OIK, who evaluated and compared theoretical and numerical methods for calculating dipole and monopole impedance. (See the Bibliography entries for Stearns, Tai and Long, Elliott, and Schelkunoff.) If better accuracy than the graph is needed, the formula in Eq 3 should be used.

Dipole Length Formulas

For wire dipoles for frequencies at and below 10 MHz and that are made of common wire sizes and are installed at heights of 1⁄8 to 1⁄4 λ, the traditional “4-6-8” formula is:
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This formula is an approximation that assumes the resonant length is 5% less than a half wavelength, i.e. K = 0.95, independent of wire thickness. 0.95 is outside the range of 0.97 to 0.98 that is typical for HF wire antennas. The next example illustrates the traditional formula.

Example 2: A half-wave dipole for 7200 kHz (7.2 MHz) is 468/7.2 = 65.0 feet. Note the traditional formula results in a dipole length that is 1 foot 7 inches too short compared to the more accurate calculation in Example 1 for the case of #12 AWG wire.

Example 3: Find the resonant length of a half-wave dipole antenna at 50.1 MHz, if the dipole is made of 1⁄2-inch diameter tubing. A half wavelength in space is 491.786 / 50.1 = 9.82 ft, and the ratio of half wavelength to conductor diameter (changing wavelength to inches) is (9.82 ft × 12 in/ft) / 0.5 in = 235.6. From Figure 2.3 or Eq 4, K = 0.955 for this ratio. The resonant length of the dipole is therefore 0.955 × 9.82 = 9.376 ft or 9 feet 4.5 inches. Calculated directly in inches, the resonant length is 0.955 × 5901.43 / 50.1 = 112.5 in.

The discussion and examples above are for antennas in free space. The effect of ground is not included. For single-wire HF antennas above ground, the free-space dipole length formulas can be inaccurate, but antenna modeling software can be used to come up with more accurate lengths. (See the Antenna Modeling chapter.) However, at VHF and UHF where the wavelength is short and antennas are several wavelengths above ground, the free-space dipole length formulas are accurate and useful.

2.1.2 Radiation Patterns and Effects of Ground

The radiation pattern of a dipole antenna in free space is strongest at right angles to the wire as shown in Figure 2.4, a free-space radiation pattern. The dipole in free space has a gain of 2.15 dBi.
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In an actual installation, the figure-8 pattern is less directive due to reflections from ground and other conducting surfaces. As the dipole is raised to 1⁄2 l or greater above ground, nulls off the ends of the dipole become more pronounced. Sloping the antenna above ground and coupling to the feed line tend to distort the pattern slightly.

As a horizontal dipole is brought closer to ground, reflections from the ground combine with the direct radiation to create lobes at different angles as shown in Figure 2.5. In addition, the directivity of the dipole also changes with height. For example, Figure 2.6 shows the dipole’s three-dimensional pattern at a height of 1⁄2 l. The deep null along the axis of the wire in Figure 2.6 is filled in with a substantial amount of radiation.
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Figure 2.7 shows the radiation pattern for dipoles at different heights above ground and at four different elevation angles from 15° to 60°. You can see that for low heights (the H = 1⁄4 l figure) the dipole becomes almost omnidirectional at elevation angles of 60° and higher.
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The type of ground under the dipole also affects the radiation pattern. Figure 2.8 illustrates what happens over two different types of ground; very poor soil (desert) and saltwater. These two types of ground represent the extremes of what amateurs are likely to encounter and most installations will be somewhere in between these two examples.
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For antennas over ground, the height above ground also affects the antenna’s physical length as in the example of Table 2.2 showing the resonant, half-wavelength length for a 20 meter dipole at various electrical heights. Nearby conducting surfaces and materials will also affect resonant length.
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2.1.3 Feed Point Impedance

A feed line is attached directly to the dipole, generally at the center with an insulator separating the antenna’s conductor into two sections. Such a dipole is referred to as being center-fed. One conductor of the feed line is attached to each section. The point at which the feed line is attached is the dipole’s feed point. (Off-center-fed dipoles are discussed later in this chapter.)

The dipole’s feed point impedance is the ratio of voltage to current at the feed point. Referring back to Figure 2.2A, the feed point impedance of a half-wave dipole will be low at the center (where voltage is minimum and current is maximum) and high on each end (where voltage is maximum and current is minimum).

If a dipole is fed at the center and excited (supplied with power) at the third harmonic, the situation changes to that of Figure 2.2B. The dipole’s physical length has not changed but its electrical length at the third harmonic has tripled — it is now three half-wavelengths long. If fed in the center, the same low impedance (low voltage/high current) is presented to the feed line. This situation occurs for all odd harmonics of the dipole’s fundamental frequency because the center of the dipole is at a low impedance point and will present a reasonably low SWR to coaxial feed lines.

The situation is reversed if the dipole is excited at an even harmonic. Remove the right-most half-wavelength section in Figure 2.2B as the dipole is now electrically one full wavelength long. At the center of this antenna, voltage is high and current is low so the impedance is high and SWR will be high on any common feed line, coaxial or parallel-conductor. This is the situation at all even harmonics of the dipole’s fundamental frequency and is sometimes referred to as anti-resonance.

At frequencies in between harmonics, the feed point impedance will take some intermediate value. When fed with parallel-conductor line and a wide-range impedance-matching unit, a dipole can be used on nearly any frequency, including non-resonant frequencies. (An example of such an antenna system is presented in the chapter General-Purpose MF and HF Antennas.)

Feed Point Impedance in Free-Space

In free space the theoretical impedance of a half-wavelength antenna made of an infinitely thin conductor is 73 + j42.5 W. This antenna exhibits both resistance and reactance. The positive sign in the + j42.5 W reactive term indicates that the antenna exhibits an inductive reactance at its feed point. The antenna is slightly long electrically, compared to the length necessary for exact resonance, where the reactance is zero.

The feed point impedance of any antenna is affected by the wavelength-to-diameter ratio (l/dia) of the conductors used. Theoreticians like to specify an “infinitely thin” antenna because it is easier to handle mathematically.

What happens if we keep the physical length of an antenna constant, but change the thickness of the wire used in its construction? Further, what happens if we vary the frequency from well below to well above the half-wave resonance and measure the feed point impedance? Figure 2.9 graphs the impedance of a 100-foot long, center-fed dipole in free space, made with extremely thin wire — in this case, wire that is only 0.001 inch in diameter. There is nothing particularly significant about the choice here of 100 feet. This is simply a numerical example.

We could never actually build such a thin antenna (and neither could we install it in free space), but we can model how this antenna works using NEC antenna modeling software. (See the Antenna Modeling chapter for details on antenna modeling.)

The frequency applied to the antenna in Figure 2.9 is varied from 1 to 30 MHz. The x-axis has a logarithmic scale because of the wide range of feed point resistance seen over the frequency range. The y-axis has a linear scale representing the reactive portion of the impedance. Inductive reactance is positive and capacitive reactance is negative on the y-axis. The bold figures centered on the spiraling line show the frequency in MHz.

At 1 MHz, the antenna is very short electrically, with a resistive component of about 2 W and a series capacitive reactance of about –5000 W. Close to 5 MHz, the line crosses the zero-reactance line, meaning that the antenna goes through half-wave resonance there. Between 9 and 10 MHz the antenna exhibits a peak inductive reactance of about 6000 W. It goes through full-wave resonance (again crossing the zero-reactance line) between 9.5 and 9.6 MHz. At about 10 MHz, the reactance peaks at about –6500 W. Around 14 MHz, the line again crosses the zero-reactance line, meaning that the antenna has now gone through 3/2-wave resonance.

Between 19 and 20 MHz, the antenna goes through 4/2-wave resonance, which is twice the full-wave resonance or four times the half-wave frequency. If you allow your mind’s eye to trace out the curve for frequencies beyond 30 MHz, it eventually spirals down to a resistive component somewhere between 200 and 3000 W. Thus, we have another way of looking at an antenna—as a sort of transformer, one that transforms the free-space impedance into the impedance seen at its feed point.

Now look at Figure 2.10, which shows the same kind of spiral curve, but for a thicker-diameter wire, one that is 0.1 inch in diameter. This diameter is close to #10 AWG wire, a practical size we might actually use to build a real dipole. Note that the y-axis scale in Figure 2.10 is different from that in Figure 2.9. The range is ±3000 W in Figure 2.10, while it was ±7000 W in Figure 2.9. The reactance for the thicker antenna ranges from +2300 to –2700 W over the whole frequency range from 1 to 30 MHz. Compare this with the range of +5800 to –6400 W for the very thin wire in Figure 2.9.
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Figure 2.11 shows the impedance for a 100-foot long dipole using really thick, 1.0-inch diameter wire. The reactance varies from +1000 to –1500 W, indicating once again that a larger diameter antenna exhibits less of an excursion in the reactive component with frequency. Note that at the half-wave resonance just below 5 MHz, the resistive component of the impedance is still about 70 W, just about what it is for a much thinner antenna. Unlike the reactance, the half-wave radiation resistance of an antenna doesn’t radically change with wire diameter, although the maximum level of resistance at full-wave resonance is lower for thicker antennas.
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Figure 2.12 shows the results for a very thick, 10-inch diameter wire. Here, the excursion in the reactive component is even less: about +400 to –600 W. Note that the full-wave resonant frequency is about 8 MHz for this extremely thick antenna, while thinner antennas have full-wave resonances closer to 9 MHz. Note also that the full-wave resistance for this extremely thick antenna is only about 1000 W, compared to the 10,000 W shown in Figure 2.9. All half-wave resonances shown in Figures 2.9 through 2.12 remain close to 5 MHz, regardless of the diameter of the antenna wire. Once again, the extremely thick, 10-inch diameter antenna has a resistive component at half-wave resonance close to 70 W. And once again, the change in reactance near this frequency is very much less for the extremely thick antenna than for thinner ones.
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Now, we grant you that a 100-foot long antenna made with 10-inch diameter wire sounds a little odd! A length of 100 feet and a diameter of 10 inches represent a ratio of 120:1 in length to diameter. However, this is about the same length-to-diameter ratio as a 432 MHz half-wave dipole using 0.25-inch diameter elements, where the ratio is 109:1. In other words, the ratio of length-to-diameter for the 10-inch diameter, 100-foot long dipole is not that far removed from what might actually be used at UHF.

Another way of highlighting the changes in reactance and resistance is shown in Figure 2.13. This shows an expanded portion of the frequency range around the half-wave resonant frequency, from 4 to 6 MHz. In this region, the shape of each spiral curve is almost a straight line. The slope of the curve for the very thin antenna (0.001-inch diameter) is steeper than that for the thicker antennas (0.1 and 1.0-inch diameters). Figure 2.14 illustrates another way of looking at the impedance data above and below the half-wave resonance. This is for a 100-foot dipole made of #14 AWG wire. Instead of showing the frequency for each impedance point, the wavelength is shown, making the graph more universal in application.
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Just to show that there are lots of ways of looking at the same data, recall that Figure 2.8 graphs the constant “K” used to multiply the free-space half-wavelength as a function of the ratio between the half-wavelength and the conductor diameter. The curve approaches the value of 1.00 for an infinitely thin conductor, in other words an infinitely large ratio of half-wavelength to diameter.

The behavior of antennas with different l/diameter ratios corresponds to the behavior of ordinary series-resonant circuits having different values of Q. When the Q of a circuit is low, the reactance is small and changes rather slowly as the applied frequency is varied on either side of resonance. If the Q is high, the converse is true. The response curve of the low-Q circuit is broad; that of the high-Q circuit sharp. So it is with antennas — the impedance of a thick antenna changes slowly over a comparatively wide band of frequencies, while a thin antenna has a faster change in impedance. Antenna Q is:
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where f0 is the center frequency, DX is the change in the reactance for a Df change in frequency, and R0 is the resistance at f0. For the “Very Thin,” 0.001-inch diameter dipole in Figure 2.9, a change of frequency from 5.0 to 5.5 MHz yields a reactance change from 86 to 351 W, with an R0 of 95 W. The Q is thus 14.6. For the 1.0-inch-diameter “Thick” dipole in Figure 2.11, DX = 131 W and R0 is still 95 W, making Q = 7.2 for the thicker antenna, roughly half that of the thinner antenna.

A lower Q means the antenna’s bandwidth is greater. This effect is can be exploited to increase an antenna’s bandwidth. On the HF bands, one can make a dipole using multiple conductors in a cage or fan to increase its equivalent diameter d. On the VHF and UHF bands, one can build a dipole with copper pipe. The formulas in Eq 2 are particularly useful for antennas that are short and thick. Again, K is obtained from Figure 2.3 or Eq 3.

Let’s review. The dipole can be described as a transducer or as a sort of transformer to a range of free-space impedances. Now, we just compared the antenna to a series-tuned circuit. Near its half-wave resonant frequency, a center-fed l/2 dipole exhibits much the same characteristics as a conventional series-resonant circuit. Exactly at resonance, the current at the input terminals is in phase with the applied voltage and the feed point impedance is purely resistive. If the frequency is below resonance, the phase of the current leads the voltage; that is, the reactance of the antenna is capacitive. When the frequency is above resonance, the opposite occurs; the current lags the applied voltage and the antenna is inductive. Just like a conventional series-tuned circuit, the antenna’s reactance and resistance determines its Q.

FEED POINT IMPEDANCE VERSUS HEIGHT ABOVE GROUND

Radiation directly downward from the antenna will reflect vertically from the ground and, in passing the antenna on the upward journey, induce a current in it. The magnitude and phase of the current depends on the height of the antenna above the reflecting surface and the characteristics of the surface. The total current in the antenna consists of two components: the amplitude of the first is determined by the excitation from the transmitter and the second component is induced in the antenna by the wave reflected from the ground. This second component of current, while considerably smaller than the first at most useful antenna heights, is by no means insignificant. At some heights, the two components will be in phase but at other heights the two components are out of phase. Changing the height of the antenna above ground will change the current amplitude at the feed point (we are assuming that the power input to the antenna is constant). A higher current at the same input power means that the effective resistance of the antenna is lower, and vice versa. In other words, the feed point resistance of the antenna is affected by the height of the antenna above ground because of mutual coupling between the antenna and the ground beneath it.

The electrical characteristics of the ground affect both the amplitude and the phase of reflected signals. For this reason, the electrical characteristics of the ground under the antenna will have some effect on the impedance of that antenna, the reflected wave having been influenced by the ground. Different impedance values may be encountered when an antenna is erected at identical heights but over soils with different characteristics.

Figure 2.15 gives an example of the way the feed point impedance of horizontal and vertical half-wave antennas can vary with height above ground. The height of the vertical half-wave is the distance from the center of the antenna to ground. For horizontally polarized half-wave antennas, the differences between the effects of perfect ground and real earth are negligible if the antenna height is greater than 0.2 l. At lower heights, the feed point resistance over perfect ground decreases rapidly as the antenna is brought closer to a theoretically perfect ground. However, over real earth, the resistance actually begins increasing again at heights below about 0.08 l as indicated by the dashed line. The reason for the increasing resistance at very low heights is that the field of the antenna interacts more strongly with the ground increasing ground losses. This increase in loss is reflected in an increased value for the feed point resistance.
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Figure 2.15 shows that only for certain electrical heights above ground will the feed point impedance be close to the expected 73.5 Ω free-space value for a half-wave dipole. The feed point impedance will vary from very low when the antenna is close to the ground to a maximum of nearly 100 Ω at 0.34 l above ground, varying around 73.5 Ω as the antenna is raised farther. The 73.5-Ω value is most likely to be realized in a practical installation when the horizontal dipole is approximately ½, ¾, or 1 l above ground. This is why few amateur l/2 dipoles exhibit a center-fed feed point impedance of 73.5 Ω even though they may be resonant.

2.1.4 Effect of Frequency on Radiation Pattern

Earlier, we saw how the feed point impedance of a fixed-length center-fed dipole in free space varies as the frequency is changed. What happens to the radiation pattern of such an antenna as the frequency is changed?

In general, the greater the length of a center-fed antenna, in terms of wavelength, the larger the number of lobes into which the pattern splits. A feature of all such patterns is the fact that the main lobe is always the one that makes the smallest angle with (is closest to) the antenna wire. Furthermore, this angle becomes smaller as the length of the antenna is increased.

Let’s examine how the free-space radiation pattern changes for a 100-foot long wire made of #14 AWG wire as the frequency is varied. (Varying the frequency effectively changes the electrical length of a fixed-length wire.) Figure 2.16 shows the E-plane pattern at the l/2 resonant frequency of 4.8 MHz. This is a classical dipole pattern, with a gain in free space of 2.14 dBi referenced to an isotropic radiator.
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Figure 2.17 shows the free-space E-plane pattern for the same antenna, but now at the full-wave (2 l/2) resonant frequency of 9.55 MHz. Note how the pattern’s two main lobes have become sharper at this frequency, making the gain 3.73 dBi, higher than at the l/2 frequency.
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Figure 2.18 shows the pattern at the 3 l/2 frequency of 14.6 MHz. More lobes have developed compared to Figure 2.16. This means that the power has been divided into more lobes and consequently the gain decreases a small amount, down to 3.44 dBi. This is still higher than the dipole at its l/2 frequency, but lower than at its full-wave frequency. Figure 2.19 shows the E-plane response at 19.45 MHz, the 4 l/2, or 2 l, resonant frequency. Now the pattern has reformed itself into only four lobes, and the gain has as a consequence risen to 3.96 dBi.
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In Figure 2.20 the response has become quite complex at the 5 l/2 resonance point of 24.45 MHz, with ten lobes showing. Despite the presence all these lobes, the main lobes now show a gain of 4.78 dBi. Finally, Figure 2.21 shows the pattern at the 3l (6 l/2) resonance at 29.45 MHz. Despite the fact that there are fewer lobes radiating power than at 24.45 MHz, the peak gain is slightly less at 29.45 MHz, at 4.70 dBi.
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The pattern — and hence the gain — of a fixed-length antenna varies considerably as the frequency is changed. Of course, the pattern and gain change in the same fashion if the frequency is kept constant and the length of the wire is varied. In either case, the wavelength and distribution of current are is changing. It is also evident that certain lengths reinforce the pattern to provide more peak gain. If an antenna is not rotated in azimuth when the frequency is changed, the peak gain may occur in a different direction than you might like. In other words, the main lobes change direction as the frequency is varied.

2.1.5 Folded Dipoles

Figure 2.22A shows a two-wire folded dipole made from parallel 1/2-λ conductors connected together at each end of the antenna. One conductor is continuous from end to end. The remaining conductor is open in the middle where the feed line is attached. Folded dipoles can also have three or even four conductors but the feed line is attached to only one. A folded dipole has exactly the same gain and radiation pattern as a single-wire dipole.

Coupling between the closely spaced conductors causes the currents on each to be equal and in phase, as shown in Figure 2.22B. (This assumes all conductors have identical diameters.) Because the currents are equal, for n conductors the current in each is 1/nth of the total current, ITOTAL. This includes the feed point where IFP = ITOTAL / n. For a given amount of applied power, P, feed point impedance ZFP = P / IFP2 so ZFP = P / (ITOTAL / n)2 = n2 P / ITOTAL2. If n = 1 (a one-wire dipole) then ZFP = P / ITOTAL2 which is the usual dipole feed point impedance.
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As more conductors are added, ZFP goes up with the square of n. For the two-wire folded dipole, there are two conductors in the antenna, so the feed point impedance is 22 = 4 times that of a single-wire dipole. A three-wire folded dipole would have 32 = 9 times higher feed point impedance and so forth. If the diameters of the conductors are different, the currents don’t divide equally, and the impedance ratio will not be an exact square of the number of conductors.

A common use of the folded dipole is to raise the feed point impedance of the antenna to present a better impedance match to feed lines. For example, if a very long feed line to a dipole is required, open-wire feed line would be preferable because of its lower loss. By raising the dipole’s feed point impedance, SWR on the open-wire line is reduced from what it would be if connected to a single-wire dipole. For example, by using a three-wire folded dipole, the 72 Ω feed point impedance of a single-wire dipole is increased to 9 × 72 = 648 Ω which is a good match to 600 Ω open-wire line. A 50 Ω feed point impedance would be increased to 9 × 50 = 450 Ω, a good match for widely available window line.

Another use of the folded dipole is for driven elements of Yagi antennas which often have impedances much lower than 50 Ω. For example, if the feed point impedance of a single-conductor driven element is 15 Ω, SWR on a 50 Ω feed line would be 3.33:1. Changing to a two-conductor folded dipole would raise the feed point impedance to 15 × 4 = 60 Ω, lowering the SWR to 60/50 = 1.2:1.

2.1.6 Vertical Dipoles

A half-wave dipole can also be oriented vertically over ground instead of horizontally, becoming a vertical dipole. The dipole’s pattern becomes generally omnidirectional. Practical aspects of vertical dipoles are also discussed in the General-Purpose MF and HF Antennas chapter.

In Figure 2.23A and B with the bottom of the vertical dipole very close (λ/80) to a saltwater ground plane the vertical dipole can have a gain of 6.1 dBi. Gain drops to about 0 dBi over good soil and lower over poorer soils. As with all vertical antennas, it is mainly the quality of the ground in the antenna’s far field (several wavelengths from the antenna and beyond) that determines how good a low-angle radiator the vertical dipole will be as shown in Figure 2.23 and further discussed in the chapter Effects of Ground. Raising the λ/2 vertical higher above the ground introduces multiple lobes as shown in Figure 2.23C and D with the antenna’s bottom tip λ/8 above ground.
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The radiation resistance of the vertical dipole also depends on the height of its lower tip above ground as shown in Figure 2.15. The impedance of vertical and horizontal dipoles vary with height above ground for different reasons: The horizontal dipole receives reflected power from the ground affecting its mutual impedance. The vertical dipole, however, receives less reflected power from the ground and as it is lowered closer to ground, it is increasing its effective height and increasing its gain which has the effect of increasing its radiation resistance. As with the horizontal dipole, the radiation resistance varies above and below the free-space value of 73.5 Ω but not as much as for the horizontal dipole since its feed point is farther above ground. (Effective height of the dipole which is proportional to average current in the dipole divided by its physical length, increases as the antenna becomes lower because average current in the antenna increases. See Zavrel’s referenced article on maximizing radiation resistance.)

In practice, it is not possible to obtain symmetrical currents in the upper and lower halves of the vertical dipole at HF due to the asymmetrical relationship of the two sections to ground. Further, the presence of the feed line introduces a third conductor for common-mode current that can influence the antenna’s performance unless decoupled. Thus, the radiation patterns are unlikely to be very close to the ideal patterns shown here.

2.1.7 Off-Center-Fed (OCF) Dipoles

The usual practice is to feed a λ/2 dipole in the center where the feed point impedance is low and makes a suitable match to coaxial cables. The dipole will accept energy from a feed point anywhere along its length, however. (See the section on Feed Point Impedance earlier in this chapter.) A common variation is the off-center-fed (OCF) dipole where the feed point is offset from the center by some amount and an impedance transformer used to match a coaxial feed line to the higher impedance that is presented away from the center point on several bands. The extreme example of an OCF dipole is the end-fed half-wave with the feed point moved all the way to one end.

The OCF dipole feed point and overall length are generally selected for a feed point impedance in the neighborhood of 150 to 300 Ω on several bands. A 4:1 or 6:1 impedance transformer is then used to match the antenna to 50 Ω coaxial cable. The feed point impedance will vary with height above ground and so will the SWR. A choke balun (see the Transmission Line System Techniques chapter) should also be used if the impedance transformer does not provide feed line isolation. The transformer creates a convenient point from which to suspend the antenna in an asymmetric inverted-V configuration.

Figure 2.24 shows the basic structure of the OCF dipole. Overall length is λ/2 on the lowest frequency of operation. Various formulas and conventions are used to determine how far from center the feed point is located. (See the Bibliography entry for Richter’s in-depth article on the OCF dipole.) The most common location for the feed point is approximately 1⁄3 of overall length from one end. Specific OCF dipole designs are presented in the chapter on Multiband HF Antennas.
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The OCF dipole is often mistakenly referred to as a “Windom” or a “coax-fed Windom.” The two antennas are not the same, however, since the Windom is essentially a short vertical loaded by an asymmetric flat-top, fed against ground at the base of the vertical section.

Richter also provides a formula for radiation resistance, Rr, at various locations for the feed point on its fundamental and harmonic frequencies. The antenna is assumed to be in free space:
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where m is a multiplying factor (1 at the fundamental, 2 at the second harmonic, 3 at the third harmonic, etc.), λ is the full corrected wavelength, and X is the distance from the end of the antenna. Use the same units, meters or feet, for λ and X. The corrected wavelength includes the effect of the K factor (see the section Effects of Conductor Diameter earlier in this chapter).

Height above ground will affect the resonant length and Rr. The antenna is at different electrical heights on different bands, as well. Thus, it is difficult to make a precise calculation of feed point impedance or choose its location for a specific impedance on more than one band. Antenna modeling is probably the best practical method for designing an OCF dipole for a particular installation.

The OCF dipole is also an asymmetric or unbalanced antenna and there will be coupling to the feed line that affects the feed point impedance and radiation pattern. To minimize coupling use at least one feed line choke to isolate the feed line. One choke should be used at the feed point and others at intervals which prevent feed line resonances on the bands being used. Without decoupling, the antenna will still radiate a signal but the feed point impedance will likely vary a great deal from the design value.

2.2 Monopoles

This section includes updates derived or excerpted from Antenna Physics: An Introduction, Second Edition, by Robert Zavrel, W7SX. The book goes into much more detail, including derivations of key equations and relationships that are included here. – Ed.

Another simple form of antenna derived from a dipole is called a monopole. The name suggests that this is one half of a dipole, and so it is. The monopole is always used in conjunction with a ground system that acts as a sort of electrical mirror. See Figure 2.25, where a λ/2 dipole and a λ/4 monopole are compared. Power is applied to the monopole’s feed point at the junction of the physical element and the ground system. The image antenna for the monopole is the dotted line beneath the ground system. The image forms the missing half of the antenna, transforming a monopole into the functional equivalent of a dipole.
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A ground-mounted monopole uses the surface layers of the Earth as its ground surface. This might be through a direct connection such as a ground rod or wires buried in or placed directly on the surface of the ground. This is also referred to as a driven ground antenna. Monopoles mounted above but not directly connected to the ground also use the ground as part of the antenna but with less and less effect as the antenna is raised. The complicated interaction between a monopole and the ground is discussed in the chapter Effects of Ground.

Monopoles mounted above the ground use a metal surface or a set of conductors to create the ground system as in Figure 2.26. The structure is called a ground plane and the same name is used for the entire antenna, including the radiating element. Monopoles mounted on the ground with a set of conductors forming the ground system, whether or not they are in actual contact with the ground, are also called ground plane antennas, so the term is somewhat loosely applied.
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Since monopoles are usually mounted vertically with respect to the surface of the ground, they are called vertical monopoles, or simply verticals. A practical ground-mounted vertical’s ground system is usually made up of a series of wires extending from the feed point at the base of the antenna, usually symmetrically. An elevated ground plane antenna might use rods or tubing for the same purpose. These are called radials since they extend radially around the antenna. Radials in or in close contact with the ground are not resonant but for elevated ground-planes are typically λ/4 long as shown in Figure 2.27. The term counterpoise refers to a ground system somewhat above the surface of the ground. See the discussion of counterpoises in the chapter Effects of Ground.
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The chapter Effects of Ground devotes much attention to the requirements for an efficient grounding system for vertical monopole antennas. The chapter General-Purpose MF and HF Antennas gives more information on practical ground-plane verticals at HF. Ground-plane antennas at higher frequencies are discussed in the chapters VHF and UHF Antenna Systems and Mobile VHF and UHF Antennas.

2.2.1 Effective Versus Electrical Height

The word “height” applied to a vertical monopole antenna whose base is on or near the ground has the same meaning as length when applied to λ/2 dipole antennas. Some texts refer to heights in electrical degrees, referenced to a free-space wavelength of 360 degrees, or height may be expressed in terms of the free-space wavelength. There are three different “heights” associated with ground-mounted vertical monopoles. One is the measured physical height, hP, including the image antenna. A second height is the electrical height, helec, which is measured in electrical degrees in terms of the free space wavelength of 360 degrees. It is determined by the distribution of voltage and current along the antenna.

The third height is effective height, heff, which is a function of the physical height. The voltage, V, induced into a monopole antenna with the same polarization as the incident E-field is proportional to the antenna’s effective height. i.e., a longer antenna will receive more of the incident E-field energy.
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where V is the induced voltage and E is the incident electric field strength in V/m, so heff is calculated in meters. For example, if E is 20 µV/m and heff is 6 meters, the induced voltage will be 6 × 20 = 120 µV.

The relationship between heff and hP is:
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where Iavg is the average current and Ipeak is the peak value of current along the length of the antenna. Remember that hP includes the image antenna length.

2.2.2 Radiation Resistance and Feed Point Impedance

MONOPOLE RADIATION RESISTANCE

The aperture of the perfect monopole-plus-ground system is the same as for the dipole but half of the aperture of the full-size λ/2 dipole has been replaced by an electrical image that does not actually exist. This also means that half of the dipole’s radiation resistance, Rr, is replaced by the image and so cannot radiate power. The results it that the radiation resistance of a vertical monopole close to λ/4 resonance over a perfect ground system is 36.6 Ω which is one-half of the 73.2 Ω for a resonant λ/2 dipole.

The variation of a monopole’s radiation resistance with electrical length or height is shown in Figure 2.27 from 0 degrees to 270 degrees. Note that the current maximum for monopoles longer than λ/4 will be located above the base of the antenna and have a different value than that at the base. (See the referenced book and articles by Zavrel for a more complete discussion of radiation resistance and feed point impedance.)

MONOPOLE FEED POINT IMPEDANCE

Figure 2.28, which shows the feed point impedance of a vertical antenna made of #14 AWG wire, 50 feet long, located over perfect ground, and fed at the base. Impedance is shown over the whole HF range from 1 to 30 MHz. Again, there is nothing special about the choice of 50 feet for the length of the vertical radiator; it is simply a convenient length for evaluation.
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Figure 2.29 shows an expanded portion of the frequency range above and below the λ/4 resonance, but now calibrated in terms of wavelength. Note that this particular antenna goes through λ/4 resonance at a length of 0.244 λ, not at exactly 0.25 λ. The exact length for resonance varies with the diameter of the wire used, just as it does for the λ/2 dipole at its λ/2 resonance. The range shown in Figure 2.29 is from 0.132 λ to 0.300 λ, corresponding to a frequency range of 2.0 to 5.9 MHz.
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The reactive portion of the feed point impedance is highly dependent on the length/diameter ratio of the conductor, as was discussed previously for a horizontal center-fed dipole. The impedance curve in Figures 2.25 and 2.26 is based on a #14 AWG conductor having a length/diameter ratio of about 800 to 1. As usual, thicker antennas can be expected to show less reactance at a given height, and thinner antennas will show more.

2.2.3 Monopole Efficiency

Since an antenna’s efficiency is:
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changing the current distribution along the vertical element can improve efficiency without changing physical height, hP. This is also discussed in the section on Short Verticals and in the chapter Mobile and Marine HF Antennas.

The efficiency of a real vertical antenna over real ground often suffers dramatically compared with that of a λ/2 antenna. Without a fairly elaborate ground system, the efficiency is not likely to exceed 50%, and it may be much less, particularly at physical heights below λ/4. In addition, the gain of a monopole at angles close to the ground plane is highly dependent on the conductivity of the ground plane. Both effects are discussed extensively in the chapter Effects of Ground.

There is a simple method to determine Rloss for a λ/4 ground-mounted vertical. Adjust the length for resonance (zero reactance but a small amount is acceptable) and measure the feed point impedance resistive component, Rfeed. Since Rr is very close to 36 Ω:

Rloss = Rfeed – 36 Ω

In this way you can assess the effect of adding radials, changing their lengths, etc. For physical heights, hP, up to 5/8 wavelengths, you can estimate Rr from Figure 2.28 and use the same equation. Table 2.3 gives a variety of calculated values for ground-mounted verticals of various lengths from 1/32 to 5/8 wavelengths with no loading.
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2.2.4 Directivity of a Monopole

The free-space directional characteristics of a λ/4 monopole with its ground plane are very similar to that of a λ/2 antenna in free space. The directivity (D) and, thus, gain for the λ/4 monopole over a perfect, infinite ground plane is double (3 dB greater) that of the λ/2 dipole in free space (assuming no losses) because there is no radiation in the hemisphere below the ground plane. Real monopoles over finite ground planes have less gain. Like a λ/2 dipole antenna, the λ/4 monopole has an omnidirectional radiation pattern in the plane perpendicular to the monopole.

Table 2.3 includes the lossless gain values for vertical antennas of various physical lengths. The column labeled “dBi” shows the gain with respect to an isotropic antenna (Giso is just the non-dB numeric equivalent). Note that for verticals λ/8 or shorter, the aperture and gain changes very little.

Ground losses must be taken into account when evaluating the gain of any actual antenna installed over a real ground system as discussed later in this chapter and in the chapter Effects of Ground.

DIRECTIVITY FOR HARMONIC OPERATION

Like dipoles, a monopole can also be used on harmonics of its fundamental frequency. The feed point impedance will vary similarly to a dipole’s: low for odd harmonics and high on even harmonics. Also like the dipole, the radiation pattern will change dramatically for harmonic operation.

A vertical monopole operated on its harmonics will remain omnidirectional in azimuth, but the elevation pattern will break up into multiple lobes and nulls. Consider Figures 2.15 through 2.21 which show radiation patterns for dipoles at the fundamental, f, through the sixth harmonic, 6f. The elevation pattern for a monopole over a perfect ground plane will be the same as the dipole patterns, turned 90 degrees and divided along the line from 0 to 180 degrees.

As the operating frequency is raised to 3f, a null will develop at about 20 degrees elevation with a wide major lobe just above 45 degrees and a minor lobe at the horizon. Further increases in frequency result in more lobes and nulls, making performance and coverage areas quite different on different bands.

2.2.5 Folded Monopoles

A folded monopole, shown in Figure 2.30, can be understood similarly to the folded dipole and the same increase in feed point impedance is achieved (see reference for Cebik). Again, the ground-plane or counterpoise supplies the “missing half” of the antenna with an electrical image. The point opposite the feed point is electrically neutral in the λ/4 folded monopole and so is connected to the ground plane as in Figure 2.30A. An example of a commercial folded monopole is depicted in Figure 2.30B.
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The increased feed point impedance of the folded monopole is often misunderstood as reducing ground losses due to the lower current at the feed point. This is incorrect because the radiation resistance and ground losses of both single and multiple-conductor monopoles is the same when correctly normalized to the feed point and so there is no difference when calculating radiation efficiency. For equivalent amounts of power, the same amount of current will flow in the ground system, regardless of the impedance transformation created by folding the conductor.

2.2.6 Loading the Monopole

If the λ/4 monopole antenna is loaded, the current distribution along the antenna will change, as will the average value of current. The current in a λ/4 monopole varies practically sinusoidally (as is the case with a λ/2 dipole) and is highest at the ground system connection. The voltage is highest at the open (top) end and minimum at the ground system as shown in Figure 2.31A. If top loading is added as in Figure 2.32B, the current distribution changes, moving the point of maximum current up the antenna. The average value of current in Figure 2.31A is 0.64 Ipeak and 0.92 Ipeak in Figure 2.28B. Different amounts of loading will change the average current.
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This changes the effective height from heff = 0.32λ for the unloaded antenna to heff = 0.46λ with loading. Radiation resistance, Rr, varies with the square of effective height so for the top-loaded vertical, Rr = 74 Ω.

Figure 2.32 shows how top-loading modifies the current distribution on the vertical. This changes the ratio of Iavg and Ipk, which modifies heff and, consequently, Rr, and the feed point resistance, Rfeed. The usual method is to use a capacity hat of radial wires or tubes. Loading inductors can also be placed in series with the capacity hat to increase the top loading effect. Both the inductor and capacity hat also have resistive losses which must be added to Rloss in the efficiency equation. As loading is increased, so will the losses associated with the loading mechanisms. For more information, see the following section on Loading Techniques for Short Verticals. The chapter Mobile and Marine HF Antennas discusses the design of popular loading techniques for mobile antennas.
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2.2.7 Ground System Effects

The ground-mounted vertical can be broken into three fundamental basic components that directly affect the directivity, efficiency, and gain of the overall antenna system as shown in Figure 2.33:

[image: ]

1. The vertical radiator

2. The near-field ground

3. The far-field ground

The height of the vertical radiator and the current distribution along it largely determine the maximum gain (ignoring ground losses for the moment) and Rr of the antenna. The near-field ground is the primary contributor to Rloss and with Rr determine the antenna’s efficiency. The usual method of reducing near-field losses is to use ground radials that act as a low impedance return path for the antenna’s ground currents flowing back to the antenna feed point. Ground characteristics are difficult to characterize accurately.

Limited conductivity of the far-field ground will attenuate the power in the far field, particularly at low elevation angles and further reduces antenna system efficiency. This also shapes the final directivity and gain of the antenna. Because this occurs in the far field, these are considered to be propagation effects. Once a physical height has been chosen, the usual methods of improving antenna system performance available to the average amateur focus on minimizing near-field ground losses through an effective ground system. Far field effects are harder to control but the location of the antenna can optimized. The effects of ground on the antenna system are discussed in more detail in the chapter Effects of Ground.

2.2.8 Monopoles Above Ground

Returning to Figure 2.27, we can consider a ground plane antenna in free space. Radiation resistance is approximately 22 Ω. The antenna’s gain (ignoring losses) is 1.25 dBi and the radiation pattern is the familiar dipole-like donut. Note that the radials do not direct all of the radiation into the hemisphere above them as a perfect ground plane would do. The purpose of the radials is to create an effective feed system for the antenna and do not affect Rr or gain.

Lowering the antenna toward the Earth, there is a significant effect on the final directivity. At elevations down to about λ/2, Rr remains relatively constant at the free-space 22 Ω value but below that elevation, Rr varies until it returns to about 36 Ω when it reaches the ground. Above λ/2, propagation effects from the ground control the final directivity pattern but the antenna itself is mostly unaffected. As the antenna is lowered to ground level, the image gradually returns and increases antenna gain, heff, and Rr. In effect, the ground gradually becomes part of the antenna.

There has been a lot of effort made to understand the trade-offs between ground-mounted verticals and slightly elevated radials. This primarily involves the decreased image in the ground versus an effective decrease in ground losses. Elevated radials are discussed more in the chapter Effects of Ground.

2.3 Loading Techniques for Short Verticals

The following section was contributed by Rudy Severns, N6LF, who is well-known for his work with vertical antennas and the effects of ground. The article “The W2FMI Ground-Mounted Short Vertical” by Jerry Sevick, W2FMI, considered one of the best on the subject of short verticals, is included in the online material, as well.

2.3.1 Short Vertical Antennas

A l/4 vertical can be a simple and efficient antenna but at lower operating frequencies it becomes increasingly difficult to accommodate the full l/4 height and a set of full-
length l/4 radials. For example, at 3.7 MHz l/4 ≈ 66 feet, at 1.83 MHz l/4 ≈ 134 feet, at 475 kHz l/4 ≈ 518 feet and at 137 kHz l/4 ≈ 1800 feet — more than 1⁄4 mile! Fortunately, it’s not necessary to make the antenna full-size (l/4). With careful design the size of the antenna can be reduced by half or even much more while retaining reasonable efficiency and radiation pattern. Some form of loading, inductive and/or capacitive, will be needed both for matching and to maximize efficiency. When height falls below 0.1 l, such as for typical suburban locations, design becomes more difficult but usable antennas are still possible.

The operating bandwidth of a shortened antenna will be reduced because shortened antennas have higher Q. This translates into a more rapid increase of reactance away from resonance. The effect can be mitigated to some extent by using larger-diameter conductors, but bandwidth will still be a problem, particularly on the 3.5 to 4 MHz band which is very wide (13.3%) in proportion to the center frequency of 3.75 MHz.

This section discusses vertical antennas with heights H < l/4 employing inductive and/or capacitive loading. The focus is on antennas for the current US amateur bands of 80 and 160 meters. (See the General-Purpose MF and HF Antennas chapter’s section on verticals for 630 and 2200 meters.) The loading techniques discussed here can also be used at higher frequencies and for horizontal antennas. Note that the abbreviation Rr is used for feed point resistance in this section.

One word of advice: very short verticals rely on heavy capacitive top-loading to obtain reasonable efficiency. The details of the loading arrangements will vary at each location due to wide variations in available supports (poles, trees, and so on) or lack thereof. While it is possible to make approximate calculations for each structure to approximate the efficacy of a particular choice, it is much easier to model multiple possibilities using antenna modeling software and then choose the best design. Suitable software is available both free and at modest cost. (See the chapter on Antenna Modeling.) The use of modeling software can be of great help in optimizing a design for a particular installation and is strongly recommended.

2.3.2 Efficiency of Short Verticals

The essential problem of short antennas, generally, is that of efficiency. Table 2.4 illustrates the dramatic effect of reducing an 80-meter vertical’s physical height by adding base loading inductance. (Perfect ground and conductors are assumed in this design. The vertical section is 2 inches in diameter.) Figure 2.34 graphs the feed point resistance (Rr), the magnitude of the capacitive reactance (|XC|) and Q (Qa) for an ideal vertical as a function of height (H in wavelengths), where Qa = |XC|/Rr. At resonance Rr = 36 W and XC = 0 but as H is reduced below resonance Rr falls quickly and |XC| increases very rapidly. For example, when H = 0.125 l, Rr ≈ 6.5 W and |XC| ≈ 500 W. As H is reduced further, Rr decreases proportional to H2 and |XC| increases proportional to 1/H. As a result, Qa increases proportional to 1/H3! Short antennas have low radiation resistances and high capacitive reactances at the feed point which becomes especially acute on 2200 meters where only very short (in terms of l) verticals are practical. Short antennas also have very high Q resulting in narrow operating bandwidths.
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From Figure 2.35 we can see that a short vertical is essentially a capacitor in series with a resistance as shown by the electrical model in Figure 2.35.
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In addition to Rr and XC a real antenna will have several sources of loss:

RL — Loading coil series resistance where RL = XL/QL, QL = inductor Q.

Rg — Equivalent ground loss resistance.

Rc — Conductor resistance.

Rl — Losses due to leakage across the base insulator and insulators at wire ends.

Rcor — Corona loss at high voltage points. This can be a problem at higher altitudes.

Rn — Matching network losses.

Figure 2.36 shows an example of typical values of Rr, Rc, Rg and RL for a short vertical with a radial ground system over average soil. This example is for 630 meters but 160 and 80 meter verticals of the same electrical heights (in l) will be similar.
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Antenna efficiency (h) can be expressed as:
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The design goal is to increase efficiency by increasing Rr and decreasing Rloss.

2.3.3 Base Loading

A vertical with H < lo/4 will require some form of loading and matching. The base of the antenna is a convenient point at which to add a loading inductor as shown in Figure 2.37.
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Ignoring Rl, Rcor, and Rn for the present, we can use the preceding equation for efficiency and the loss resistance values in Figure 2.36 to graph the efficiency of that antenna as shown in Figure 2.38. H=0.01l corresponds to a 72-foot vertical at 137 kHz. The efficiency is <0.2%!

[image: ]

The dashed line in Figure 2.39 shows the efficiency when only RL is included compared to the sum of RL and Rg (the solid line). This graph has a strong message: Make the vertical as tall as possible (when H<l/4) because even small increases in H can substantially improve efficiency.
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This graph also illustrates the low efficiency intrinsic to short base-loaded verticals. The efficiency of very short verticals is dominated by RL because the resonating inductance value is large and therefore RL is large (RL = XC/QL). We can increase QL to reduce RL but there are practical limits.

The base of the antenna is a convenient point at which to add a loading inductor, but it’s usually not the lowest loss point at which an inductor could be placed. There is an extensive discussion of the optimum location for the loading coil in a short vertical as a function of ground loss and QL in the Mobile and Marine HF Antennas chapter. This information should be reviewed before using inductive loading. The program MOBILE.EXE is available from the online website for this book. It is an excellent tool for designing short, inductively loaded antennas. A loading inductor at the base has no effect on Rr but moving the loading coil from the base to near the middle can increase Rr significantly.

2.3.4 Capacitive Top-Loading

As shown above, inductive loading is not a very efficient way to compensate for reduced antenna height. Capacitive top loading can be much more effective as shown in the example illustrated by Table 2.5 for a top-loaded 3.525 MHz vertical made of 2-inch tubing. The vertical section is L1 and the horizontal top-loading section is L2, also a piece of 2-inch tubing adjusted to make the antenna resonant. As with the previous example, perfect ground and conductors are assumed.
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A simple example using a wire suspended between two supports forming a “T” antenna is shown in Figure 2.39. We can model this antenna varying H and adjusting L to resonate the antenna to illustrate the advantages of top-loading. A comparison of Rr between capacitive top-loading and inductive base loading is given in Figure 2.40. The dashed line shows the ratio of Rr-top to Rr-base. For a given vertical height, resonating the antenna with top-loading results in much higher radiation resistance Rr.
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Compared to inductive base loading, top loading significantly increases Rr while base loading does not. For example, if H=20 feet (≈0.04l @1.83 MHz) Rr with top loading is over four times that for base loading. Besides increasing Rr, top loading can reduce or eliminate RL due to reduction in value of the base inductor. The net result can be a dramatic improvement in efficiency! As shown in Figure 2.41 we can use multiple wires to obtain even more top loading.
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Figure 2.42 compares the span (= 2L, see Figure 2.39) of the top-loading wire(s) when using one or two wires. The use of two wires with conductive spreaders such as aluminum tubing significantly reduces the spacing (span) required between the supports for the top-loading wires. The span can be further reduced by using longer spreaders and additional well-spaced parallel wires. The design of this kind of top loading will vary with every installation. Antenna modeling software will be of great assistance for optimizing the design. (L.B. Cebik, W4RNL, also analyzed top-hat loading, comparing it to inductive loading. See the References and Bibliography.)
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When no supports other than the vertical itself are available, a top hat using rigid spreaders can be used. Figure 2.43 is a sketch of this kind of “wagon-wheel” top hat along with the required radius for resonance at 1.83 MHz for a range of vertical heights. A simple way to make a capacitance hat would be to take four to six 8-foot CB mobile whips, arrange them like spokes in a wagon wheel and connect the ends with a peripheral wire. This arrangement will produce a 16-foot diameter hat that is economical and very durable. The whip lengths can be extended further with lengths of aluminum tubing. Another approach for a large hat would be to salvage the hub and spreaders from an old 20-meter quad and use them for the wagon-wheel.
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Unfortunately, radii greater than ≈15 feet become increasingly impractical. The rigid supports can be replaced with wires sloping downward as shown in Figure 2.44 to form what is called an “umbrella” vertical. To increase the loading effect of the umbrella more wires can be used as well as a skirt wire like that shown in Figure 2.44. The wires can also be made longer but there is a point where the reduction in RL due to a smaller resonating inductor is offset by the decreasing value of Rr due to canceling currents flowing in the umbrella wires. This is situation where optimization is best done using modeling software.
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FINDING CAPACITANCE HAT SIZE

Practically any sufficiently large metallic structure can be used for capacitive loading and the structure doesn’t even have to be symmetric, but simple geometric forms such as the sphere, cylinder and disc are preferred because of the relative ease with which their capacitance can be calculated.

While antenna modeling software is very helpful for the design of top loading structures the capacitance of common geometric forms can be estimated from the curves of Figure 2.45 as a function of size. For the cylinder, the length is specified equal to the diameter. The sphere, disc and cylinder can be constructed from sheet metal, if such construction is feasible, but the capacitance will be almost the same if a “skeleton” type of construction with screen or wire networks or tubing is used.
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The required value of the capacitance may be determined using the following procedure. The information in this section is based on a September 1978 QST article by Walter Schulz, K3OQF (see References and Bibliography). The physical length of a shortened antenna can be found from:
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where h is length in inches and l is the elect\rical length in wavelengths.

Thus, using an example of 7 MHz and a shortened length of 0.167 l, h = 11808/7 × 0.167 = 282 inches, equivalent to 23.48 feet.

Consider the vertical radiator as an open-ended transmission line, so the impedance and top loading may be determined. The characteristic impedance of a vertical antenna can be found from
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where

ln = natural logarithm

h = length (height) of vertical radiator in inches (as above)

d = diameter of radiator in inches

The vertical radiator for this example has a diameter of 1 inch. Thus, for this example,
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The capacitive reactance required for the amount of top loading can be found from
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where

XC = capacitive reactance, ohms

Z0 = characteristic impedance of antenna

q = amount of electrical loading, degrees.

This value for a 30° hat is 361/tan 30° = 625 W. This capacitive reactance may be converted to capacitance with the following equation,
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where

C = capacitance in pF

f = frequency, MHz

XC = capacitive reactance, ohms (from above).

For this example, the required C = 106/(2 p × 7 × 625) = 36.4 pF, which may be rounded to 36 pF. A disc capacitor is used in this example. The appropriate diameter for 36 pF of hat capacitance can be found from Figure 2.45. The disc diameter that yields 36 pF of capacitance is 40 inches.

COMBINED LOADING

As an antenna is shortened, the size of the top-loading device will become larger and at some point, it will become impractical to resonate the antenna with top-loading only. In that situation inductive loading, usually placed either at the base or directly between the capacitance “hat” and the top of the antenna, can be added to resonate the antenna. An alternative would be to use linear loading in place of inductive loading.

SHORTENING RADIALS

Very often the space required by full-length radials is not available. Like the vertical portion of the antenna, the radials can also be shortened and loaded in very much the same way. An example of end-loaded radials is given in Figure 2.46A. Radials half the usual length can be used with little reduction in efficiency but, as in the case of top loading, the antenna Q will be higher and the bandwidth reduced. As shown in Figure 2.47B, inductive loading can also be used. As long as they are not made too short (down to 0.1 l) loaded radials can be efficient — with careful design.
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2.3.5 General Rules for Loading Vertical Antennas

Sound advice on the design of LF and MF antennas was given many years ago by Woodrow Smith: “The main object in the design of low frequency transmitting antenna systems can be summarized briefly by saying that the general idea is to get as much wire as possible as high in the air as possible and to use excellent insulation and an extensive ground system.”

We can codify this advice in order of priority:

• Make the height as great as practical up to the point where H = l/4.

• Provide as much top loading as possible.

• Make the diameter of the vertical section large. Tubing or a cage of smaller wires will work well.

• If the capacitive loading is insufficient, resonate the antenna with a high-Q inductor placed between the hat and the top of the antenna.

• For buried-ground systems, use as many radials (>0.2 l) as possible, 32 or more is best.

• If an elevated ground plane is used, use 12 or more radials, 5 or more feet above ground.

• Use of high-quality insulators at the base and wire ends.

• If shortened radials must be used, capacitive loading is preferable to inductive loading.
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Chapter 3

The Effects of Ground

The Antenna Fundamentals chapter dealt mainly with ideal antennas in free space, completely removed from the influence of ground. Real antennas however, are placed over ground and in some cases have components right on or even buried in the ground. The presence of ground can have a profound effect on the behavior of an antenna, including the feed point impedance, the efficiency and the radiation pattern. This chapter is devoted to describing the interactions between antennas and ground and ways to reduce ground losses close to the antenna. For the purposes of this chapter the terms “soil” or “earth” are considered equivalent to “ground”. In some cases “ground” may actually be fresh water or seawater.

We will begin by examining the characteristics of typical soils and then proceed to interactions between grounds and antennas. The interaction discussion is divided between two areas around the antenna: the reactive near field and the radiating far field. The reactive near field only exists very close to the antenna itself, essentially within one wavelength. In this region the antenna acts as though it were a large lumped-constant R-L-C tuned circuit where energy is stored in the fields close to the antenna. Only a portion of this energy is radiated. The RF current in the antenna will induce currents in the ground which in turn will affect the currents in the antenna. These interactions can modify the feed point impedance of an antenna and, due to the currents flowing in the ground, add power losses. This loss represents power supplied to the antenna from the transmitter but not radiated so there is a net reduction in signal for a given power input to the antenna. For vertical antennas located on or near ground, this can be very significant.

In the radiating far field, the presence of ground profoundly influences the radiation pattern of an antenna. (The radiating near field can be neglected as a transition zone between the reactive near field and radiating far field.) The interaction differs depending on the antenna polarization with respect to the ground. For horizontally polarized antennas, the shape of the radiated pattern in elevation plane depends primarily on the antenna’s height above ground. For vertically polarized antennas, both the shape and the strength of the radiated pattern in the elevation plane strongly depend on the nature of the ground itself, as well as the height of the antenna above ground.

The material in this chapter assumes a flat ground surface surrounding the antenna. An extensive discussion of how to account for non-flat ground is presented in the chapter HF Antenna System Design, including use of the HFTA terrain analysis software by Dean Straw, N6BV.

3.1 Effects of Ground in the Reactive Near Field

Sections 3.1 and 3.2 of this chapter were expanded and reworked by the original author, Rudy Severns, N6LF to accommodate the results of work for the 24th edition.

3.1.1 Electrical Characteristics of Ground

One way to investigate the characteristics of a given sample of soil would be to fabricate a simple parallel plate capacitor as shown in Figure 3.1. First we might measure the capacitance (Cs) and the shunt resistance (Rs) without any soil between the plates. We would expect to get a very high value for Rs and some modest capacitance proportional to the plate areas and inversely proportional to the plate spacing. If we then fill the space between the plates with the soil we’re interested in and repeat the Rs and Cs measurements, the chances are we will see a marked change in both: much lower Rs and higher Cs. What this experiment tells us is that soil acts like a lossy capacitor. When an RF current flows in the soil there will be some loss associated with Rs. The trick is to keep the RF current out of the soil at least near the antenna.
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Rs is inversely related to the soil conductivity (s) and Cs is directly related to the relative permittivity (dielectric constant) (er or Er as represented later in this chapter). We can infer values for s and er from measurements made on the capacitor with and without the soil between the plates. The unit for s is siemens per meter (S/m). er is dimensionless. At HF both s and er are needed for the determination of ground losses or radiation patterns and are an important part of antenna modeling.

A century of measurements on different soils has shown that both s and er vary over a wide range depending on location, soil composition, stratification of the soil, soil moisture content and many other variables. Table 3.1 lists typical characteristics for a variety of typical grounds.
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Real soils seldom have these exact pairs of s and er. For a given value of s, er can vary widely. Both s and er tend to increase with soil moisture content so it is normal to have higher er when you have higher s. However, it is also possible to have moderate values of s but quite high values for er. Soils with clay particles often have high er. For fresh water at 23° C, er = 78, so you may wonder how soil can have an er higher than water. The higher values are the result of polarization effects that can occur in clay soils. It is quite possible to have er > 100, at least at lower HF frequencies. In general, conductivity will increase with frequency and permittivity will decrease initially at lower HF but level out at higher frequencies.

Much of the data on soil conductivity stems from work at broadcast band frequencies. Figure 3.2 is a graphic of typical ground conductivity for the United States. While useful for BC (AM broadcast) station planning this graphic is of limited use to amateurs because it averages the conductivity over large areas and the primary concern is ground wave propagation at BC frequencies. Amateurs are usually more concerned with the soil close to their antennas where the conductivity can vary dramatically from the large area average. (A set of detail maps showing ground conductivity is available as the file “FCC-GroundMap.zip” in this chapter’s online material.)
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Soil Impedance vs Frequency
One of the limitations of presenting maps and charts of soil conductivity and permittivity is the extreme variability of soil. Not only does soil vary electrically from place to place but with frequency as well. In 1975, Longmire and Smith published “A Universal Impedance For Soils” (Nuclear Defense Agency report DNA3788T) that presented a consistent profile for changes in soil impedance with frequency that could be scaled and/or offset to match a specific soil type — the shape of a soil’s impedance versus frequency graph was consistent. This report is discussed in Rudy Severn, N6LF’s online report “Comments on Longmire and Smith" at www.antennasbyn6lf.com/design_of_radial_ground_systems.


Soil characteristics vary not only with location and time of year but also with frequency. Figures 3.3 and 3.4 show the variation of s and er with frequency at two locations at a typical amateur QTH (N6LF). See this chapter’s section “Ground Parameters for Antenna Analysis” for methods of measuring ground parameters for antenna modeling and design.
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George Hagn and his associates at SRI have made a very large number of ground characteristic measurements at many different places in the world.1 Figure 3.5 shows the results of some of this work.
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3.1.2 Skin Depth In Soil

It is very probable that the soil at a given location will be stratified (vary with depth) so it will be necessary to take some average value. The question is then “how deep do I have to go to make the average?” This question is best answered by determining the depth to which the fields or the RF currents penetrate the soil. This penetration depth is often expressed in terms of the “skin depth” where the skin depth (d) is the depth at which the current or the field has been attenuated to 1/e or 37% (e ≈ 2.71828) of its value at the ground surface. Skin depth is also used in the calculation of ground loss.

Knowing s and er, the skin depth in an arbitrary material can be determined from:
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where

d = skin or penetration depth [meters]

w = 2pf, f = frequency [hertz]

s = conductivity [siemens/meter, S/m]

µ = µr µo = permeability

µo = permeability of vacuum = 4p10-7 [henry/meter]

mr = relative permeability [dimensionless]

e = er eo = permittivity [farad/meter]

eo = permittivity of vacuum = 8.854 × 10-12 [farad/meter]

er = relative permittivity [dimensionless]

A graph of Eq 1 for typical grounds is given in Figure 3.6.
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Skin depth varies with frequency and soil characteristics. For example, at 1.8 MHz d varies from about 16 cm in seawater to 15 m in poor soil. As we go up in frequency the skin depth decreases, roughly proportional to 1/[image: ], until at some point it flattens out.

The soil types in Figure 3.6 represent the typical values used in antenna modeling. An example of the effect of differing er for soils with s = 0.001 and 0.01 S/m is shown in Figure 3.7. In Figure 3.7, we can see several interesting things. At low frequencies (in the BC band) the values for d converge and er makes little difference. This is one reason why soil characteristics from BC data seldom include the permittivity. At high frequencies the curves are flat with a value that depends on s and er.
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3.1.3 Wavelength In Soil

Because soil is a complex medium where both s and er are significantly different from their values in free space, the wavelength in soil (l) may differ greatly from the wavelength in free space (lo). This is important for antennas and radial systems close to or buried in the ground. In general the wavelength in soil will be considerably shorter than the free space wavelength and this must be taken into account for wire segmentation during modeling.

The wavelength in free space (lo) is:
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The wavelength in soil (l) is:
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Figure 3.8 gives examples of wavelength as a function of frequency for different soils, salt and fresh water and free space. It can be seen that the wavelength in soil is typically much smaller than in free space.
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3.2 Ground Systems for Vertical Monopoles

In this section we look at vertical monopoles which are shorter than l/2 and require some sort of ground system in order to make up for the “missing” part of the antenna and, just as importantly, reduce the power dissipated in the near field. (For the purposes of this chapter, the term “vertical” should be understood to represent a vertical monopole antenna mounted on or near the ground.)

Because the losses in the soil near a vertical are a function of the electric and magnetic field intensities close to the antenna we will begin by looking at these fields. The next step will be to show what the actual soil losses are and how that loss is distributed in the soil near the base of the vertical. Finally we’ll describe ground systems which can greatly reduce this loss.

3.2.1 Fields Near The Base Of A Vertical

In this section we will be examining the E and H fields at ground level within l/2 of the base of typical verticals. (See the Antenna Fundamentals chapter for a discussion of E and H fields.) This may seem like an abstract exercise but it’s important because it allows us to visualize what’s happening in the soil around the base of a vertical, giving us both the amplitude and location of the ground currents and their associated losses. This information will guide us in the design and optimization of ground systems.

A vertical antenna has two field components that induce currents in the ground around the antenna: Ez and HΦ. Figure 3.9 shows in a general way the electric-field component (Ez, in V/m) and magnetic-field component (HF, in A/m) in the region near a vertical. Both of these field components will induce currents (IV and IH) in the soil. Because the soil near the antenna typically has relatively high resistance this results in power loss in the soil. Power dissipated in the ground is subtracted from the power supplied to the antenna weakening your signal.
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As shown in Figure 3.9, the tangential component of the H-field (HF) induces horizontal currents (IH) flowing radially in the soil. The normal component (perpendicular to the ground surface) of the E-field (Ez) induces vertically flowing currents (Iv) in the soil. These field-induced ground currents will decrease as we go deeper into the soil with the rate of decrease a function of the skin depth in the particular soil.

We can determine Ez and HΦ from either modeling (near-field calculations with NEC-based software, for example) or directly from equations. It turns out that the field intensities close to the base (<l/2) of a vertical (within l/2) over real ground are very close to the values for perfect ground. This allows us to use much simpler modeling or equations. The following graphs for field intensities assume perfect ground.

The base currents and the resistive part of the feed point impedance at the base of verticals with different heights (h) are given in Table 3.2. These are the values of current which result from an input power of 1.5 kW for an ideal vertical over perfect ground.
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Figure 3.10 shows the H-field intensity within l/2 of the base of the vertical for four different vertical heights (h): 0.05 l, 0.125 l, 0.250 l and 0.375 l. Figure 3.11 shows the E-field intensity for the same values of h. Both of these graphs make the same two points:
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1) Field intensity increases rapidly as you approach the base, particularly within a radius <l/8, and

2) The shorter the antenna, the higher the fields for the same power input.

In the case of the E-field, the minimum field occurs for h = 0.25 l and then increases again as h is increased beyond 0.25 l. Ground losses are proportional to the square of the field intensity. In other words, if you double the intensity the power loss increases by 4 times! This tells us that we must pay special attention to the ground system within l/8 of the base and that short verticals require additional attention to the ground system.

Another point which can be inferred from Figure 3.11 is the very high voltages which can be present on the antenna. The shorter the antenna and the higher the power level, the higher these voltages will be. Verticals taller than l/4 can also have very high voltages near the base. This is a very real safety hazard! Touching a vertical while transmitting can lead to severe RF burns.
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Figures 3.12 and 3.13 show the field intensities for a l/4 vertical at frequencies from 1.8 to 28 MHz. At a given distance in l, both E and H fields increase with frequency but, as the dashed line in Figure 3.12 indicates, at a given fixed physical distance the H-field intensity is constant, independent of frequency. However, as the dashed line in Figure 3.13 shows, the E-field at a given physical distance is not constant but increases with frequency.
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This behavior may seem a bit strange because it says that the field distributions do not scale linearly with frequency! Keep in mind that the base current at all frequencies was set to 6.45 A (Pr = 1500 W, h = 0.250 l). As the frequency was changed the height of the vertical was reduced from 135 feet at 1.8 MHz to 8.8 feet at 28 MHz. The high current point on a vertical (h ≤ l/4) is at the base but the high voltage point is at the top. As we change frequency and alter h, the H-field is primarily influenced by the base current which does not change amplitude or location. However, the E-field is primarily influenced by the high voltage at the top of the vertical which is moving closer to ground as we go up in frequency. Normally we scale the dimensions of the ground system as we go up in frequency. If we elect to use l/4 radials they will be approximately 34 feet on 40 meters, 17 feet on 20 meters, etc. The problem is that the fields are not scaling with frequency. At a given distance in l the fields are higher as we go up in frequency. These observations tell us that for a given size (in l) ground system as we go up in frequency the ground loss will increase!

As shown earlier, soil conductivity typically improves as we go up in frequency but that varies over a wide range and may not help as much as we would like. Better to be conservative and not count on the increase in s unless you have actually measured your particular soil characteristics.

3.2.2 Radiation Efficiency and Power Losses in the Soil

We can discuss the efficiency of an antenna by using an equivalent circuit model like that shown in Figure 3.14 for the resistive part of the feed point impedance. We account for the radiated power (Pr) by assuming there is a resistor we call the radiation resistance (Rr) through which the antenna base current (Io) flows. The radiated power (Pr) is then:
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Similarly, we can account for the power dissipated in the ground (Pg) by adding a loss resistance (Rg) in series with Rr. The ground loss is:
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Additional losses due to conductors, loading coils, etc can also be simulated by adding more series loss resistances to the equivalent circuit but for this discussion we will ignore these additional losses although they can be significant in real antennas. The total input power (PT) is simply the sum of Pr and Pg

The efficiency (η) of a vertical can be expressed as:
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This can be restated in terms of resistances as:
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In essence, efficiency is the ratio of the radiated power to the total input power. Another way of saying this is that efficiency depends on the ratio of ground loss resistance to radiation resistance. The smaller we make Rg the more power will be radiated for a given input power. Reducing Rg is the purpose of the ground system.

We can determine Pg near the vertical from the E- and H-fields shown earlier. Given Pg and Io we can calculate Rg and from that the radiation efficiency. For this discussion we will omit the mathematical details but these can be found in the spreadsheet referenced earlier.

In the following discussion the radiated power is kept constant at 1.5 kW but the total input power may be much greater because it will include the power dissipated in the soil which can become very large for short antennas with limited ground systems. The ground losses shown in Figures 3.15 and 3.16 are what you would see if the ground system were simply a long stake driven into the soil beneath the antenna. The size of these losses makes it clear why we need to add a radial ground system around the base of a vertical.
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Figure 3.15 shows the total ground loss (including both E- and H-field losses) within a radius r (in l) around the base of verticals with different heights at 3.5 MHz, over average ground (s = 0.005 S/m and er = 13). For all heights the loss is significant but becomes almost astronomical for very short antennas. For example, the loss associated with the 0.050 l vertical (about 13 feet for 3.5 MHz) amounts to a signal loss of almost 14 dB; in other words, over 20 kW of power is lost in the ground in order to produce 1.5 kW of radiated power. The efficiency of each antenna (using the values for Rr listed in Table 3.2) is listed in Table 3.3.

Saltwater Grounds
Saltwater is often cited or imagined to be the very best ground for an HF vertical antenna. While very good, the issues to be considered are discussed by Rudy Severns, N6LF, in the paper “Some Thoughts on Vertical Ground Systems over Seawater,” included with this book’s online material.


The efficiencies listed in Table 3.3 make it clear why some additional ground system beyond a simple ground stake is highly desirable in most installations. Keep in mind that these numbers are for one particular ground type (average). Poorer grounds will have even higher losses but better soils will have lower losses. Even a l/4 vertical will have more than 3 dB of signal loss for a given input power because over half the input power is dissipated in the soil. This shows us that the shorter the vertical, the more critical the ground system is!

Figure 3.15 also shows that most of the loss is occurring within l/8 of the base which correlates with the field intensities shown in Figures 3.12 and 3.13. When designing radial ground systems this ground loss distribution is reflected in the need to increase the number of radials close to the base.
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Figure 3.15 shows the total loss in the soil due to both E- and H-fields. However, the relative contribution of each field component to the total varies greatly with the height of the vertical. Figure 3.16 shows a comparison between the E and H losses for h = l/4 and h = 0.05 l. For the l/4 vertical the E-field losses are very small compared to the H-field losses but for the shorter vertical both the E- and H-field losses increase dramatically and the E-field loss is comparable to the H-field loss. In very short verticals the E-field losses can become larger than the H-field losses.
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3.2.3 Wire Ground Systems

Figure 3.17 illustrates what we mean by a “radial” ground system. The ground system wires are connected together at the base of the antenna and arranged radially outward from the base. Why radial wires? Why not wires in circles or some other shape? As shown in Figure 3.9, the H-field lines have the form of circles around the base of the vertical. When the H-field passes over a conductor there will be a current induced in the conductor which flows at right angles to the H-field vector. In a wire ground system the optimum orientation for the wires is at right angles to the H-field (i.e. radially). If the wire were oriented parallel to the H-field (in a circle) there would be no current induced in the wire and the current would simply flow in the soil instead. In some cases where multiple verticals are present (i.e. in an array for example) it may not be practical to use only radial wires. Some form of coarse mesh may be needed.
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Buried or Ground Surface Radial Systems

There are different ways to install wire ground systems: the wires may be buried in the soil a few inches or lying on the ground surface or elevated several feet above ground or even some combination of these. In addition, in elevated systems there may be interconnections between the radial wires to form what is called a “counterpoise.” (See the section “Counterpoise Systems” later in this chapter.) Another possibility is to use a coarse rectangular mesh, either on the ground surface or elevated. We will discuss all these options but for the moment we’ll focus on radial systems either buried or lying on the ground surface.

If we know the values for E and H, Io and the soil electrical characteristics we can determine Pg. We can then determine Rg directly from Pg:
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Rg is not a resistance unique to a particular ground system that you can measure with some kind of ohmmeter. It is simply the relation between a given excitation current (Io) and the power dissipated in the soil (Pg) for a given vertical. Pg in turn depends not only on the soil characteristics but on both Io and the details of the vertical itself, i.e. height, loading, etc. For this reason Rg for a given ground system will change as we change the vertical even if the soil characteristics and the physical ground system itself are kept constant.

Ideal Ground Screens

Initially we’ll assume that the ground system is ideal: i.e. a high conductivity ground screen that covers the soil from the base out to some radius “r”. This ideal ground screen will give us the minimum possible Rg for ground system of a given radius. Later we’ll look at Rg for more practical wire ground systems with a limited number of radials to see how they compare. From the ideal ground screen information we will know what the ultimate limits are and can determine when adding more wire might result in only a small improvement. Surprisingly, it does not take a large number of radials to give a good approximation of an ideal ground screen.

Figure 3.18 is an example of Rg as a function of ground screen radius for several antenna heights at 3.5 MHz, over average ground. As we saw in Figure 3.15, near the base of the vertical the total ground loss is large but as we move outward from the base the additional ground loss becomes much smaller. This means that the values for Rg fall quickly as r initially increases but as the radius of the screen gets larger, the rate of decrease in Rg slows down.
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If we take the values for Rr from Table 3.2 and combine these with the values for Rg in Figure 3.18 and use Eq 8, we can calculate the efficiency as shown in Figure 3.19. The efficiency is stated in dB so that this graph tells us directly how much our signal will improve as we expand the radius of the ground screen. For example, for h = 0.25 l, expanding the screen radius from 0.01 l to 0.125 l increases the signal by 1.5 dB. If we further increase the radius to 0.250 l we pick up another 0.6 dB and if we go to a screen radius of 0.375 l the gain is an additional 0.4 dB. Clearly there is a substantial advantage to having a screen with a radius of at least l/8 but as we increase the size, the incremental improvement gets smaller. In general for amateur applications expanding the ground screen radius beyond l/4 is seldom worth the additional cost and effort at least on the lower bands (160 and 80 meters). But as pointed out earlier, we can make a case for larger ground systems (in terms of l) at higher frequencies.
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Figure 3.18 shows Rg for one frequency and one ground characteristic. Figures 3.20 and 321 show what happens to Rg as we change frequency or ground characteristics for a given height (l/4 in this example).
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Figure 3.20 is a graph of the changes in Rg with frequency for several different screen radii. This graph is for a l/4 vertical over average ground. What the figure shows us is that for a given antenna, screen radius (in wavelengths) and ground characteristic, Rg can increase significantly as we go to higher frequencies. For example with r = l/4, Rg = 7 W at 3.5 MHz but at 28 MHz a l/4 screen has an Rg = 12 W. If we increased the screen radius at 28 MHz to 0.375 l, Rg drops back down to 5 W. Expanding the screen radius from l/4 to 3l/8 at 28 MHz means extending the radial lengths from 2.7 meters (8.8 feet ) to 4 meters (13.2 feet ) which is very practical. The message is: as we go higher in frequency we should consider using a ground screen with a larger electrical radius (in terms of l) and/or more radials. Fortunately, as we go up in frequency the wavelength gets shorter so it’s easier to add more and/or longer radials for a given total amount of wire.

From Figure 3.21 we see that with lower quality soils Rg is significantly higher and it becomes increasingly important to use a more extensive ground system to maintain efficiency.
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Real Wire Radial Systems

In practice, ground systems are usually made with wire in the form of a radial fan like that shown in Figure 3.17. How a particular ground system performs compared to an ideal ground screen can be determined using mathematical analysis or from NEC software modeling or from actual measurements on real antennas. All three routes give essentially the same answers but for this discussion we will use actual measurements on real antennas and also some NEC modeling results.

Figure 3.22 shows the measured signal improvement as l/4 (33 feet) radials lying on the ground surface were added to different 40 meter antennas: a l/4 vertical, a l/8 vertical with sufficient top-loading to resonate it, a l/8 vertical resonated with an inductor at the base and a 7.5 foot 40 meter mobile whip.
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The measurements began with only a single ground stake, no radials. Figure 3.22 shows the increase in signal strength (for a constant input power) for each antenna as the number of l/4 radials was increased from 0 to 64. Initially, as radials were added, the signal improved rapidly but by the time there were 16 radials, the rate of increase in signal improvement turned a corner and started to decrease. Going from 32 to 64 radials the improvement was only a fraction of a dB (0.2 dB). What this tells us is that a radial fan with 32 or more radials is a good approximation of an ideal ground screen, at least for l/4 radials. For short, loaded antennas over poor soils, 64 radials might be justified and should be considered. However, the standard broadcast ground system of 120, 0.4 l radials would probably be a waste of copper for most amateur installations.

Another important thing we see in Figure 3.22 is that short loaded antennas benefit more from the same ground system. This is because (as shown earlier) the E- and H-field intensities are much higher close to the base of shorter antennas. Note also that in short antennas, moving the loading up the vertical, top-loading for example or placing the loading coil above the base, improves the signal for a given ground system.

The soil over which this experiment was conducted would be rated as very good (s = 0.015 S/m, er = 30). Over that soil the improvement going from 0 to 64 radials ranged from 2.5 to 5.7 dB. Over poor or even average soils the improvement would be substantially greater. Figure 3.22 also shows how important is to have at least a simple radial system. Sixteen radials is pretty much the practical minimum, especially over poor soils.

Measuring the signal strength for a given input power to the antenna, as radials are added to the ground system is a very direct way to gauge when adding more radials will give only a small improvement but for most amateurs that’s not very practical. There is a simpler way to gauge when there are sufficient radials in the ground system. We can look at the feed point impedance which is a simple, direct measurement. An example of the variation of the resistive part (Rin) of the input impedance as radials are added to a ground system is given in Figure 3.23. The values are for the same antennas used in Figure 3.22. Note that for the 7.5 foot mobile whip, the series resistance of the loading coil has been subtracted from the measured feed point impedance.
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If we assume that Rin = Rr + Rg and that Rr is constant as we add radials (a reasonable approximation), then the leveling out of the curves for radial numbers above 16 can be interpreted as meaning that the minimum Rg for that radial length has been reached. Again, we see that 16 radials are pretty much the minimum but by the time we get to 32 radials the rate of change is quite small. Figures 3.22 and 3.23 tell the same tale.

Optimizing Radial Lengths

In the real world the amount of wire available for a ground system may be limited. How should we use the available wire: a few long radials or a bunch of short ones?2,3,4 We can use NEC modeling to address this question. Figures 3.24 and 3.25 show the signal improvement as both the number and the length of the radials are changed. Both figures assume f = 1.8 MHz and average ground (s = 0.005 S/m, er = 13). Figure 3.25 is for h = l/8 and Figure 3.26 is for h = l/4. These figures illustrate a number of important points and provide a guide to the optimal use of a given total length of radial wire in the ground system. The 0 dB reference is four l/8 radials. In both figures we see that when only a few radials are employed (<16) there is very little increase in signal when longer radials are used. In general, from both modeling and experiments, we can say that a few long radials make a poor ground system.5 From the graphs we can see that longer radials become effective only as we increase the number of radials.
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The Broadcast 120-Radial Ground System
The 1937 IRE study by Brown, Lewis, and Epstein is often cited as the origin of the “standard” broadcast ground system with 120 λ/4 radials.11 This is a misunderstanding of what the report actually describes, which is 120 symmetrically laid-out radials of a length that results in 0.05 λ between the ends of the radials. This length happens to be close to λ/4 and so it was a natural assumption to assume it was specified to make the radial resonant as a λ/4 element. As is stated in this chapter, a radial laying on the ground will have an electrical length quite a bit longer than its physical length, so it is unlikely to act like a wire λ/4 long.
The importance of the ground radial system is to reduce ground losses by providing a low-loss path for current flowing to the feed point that would otherwise flow through soil. Broadcasters, having resources beyond the typical amateur and a strong economic reason to avoid ground losses, opt for the 120-radial system which is well beyond the point of reasonable return for amateurs. As you can see from the numerous graphs in this chapter, nothing special happens when a radial on or below the surface of the ground is λ/4 long. The NCJ article by K3LC on optimum radial systems in the References and Bibliography provides excellent guidance on how to get the best results from your radial system, even with far fewer than 120 radials!


These graphs show how to optimize your signal for a given total length of radial wire. The dashed lines connect points which have the same total wire length in the ground system. For example, if we have a total of 2 l of wire we could make four l/2 radials or eight l/4 radials or 16 l/8 radials. From the graphs we can see that with a total of 2 l of wire the best radial system would be 16 l/8 radials. That would be an improvement of over 3 dB for the l/8 vertical and 1 dB for the l/4 vertical. Similarly, if 4 l of wire is available then the optimum use would be 32 l/8 radials. When we go to 8 l of wire, things change a bit. For the h = l/8 antenna either 64 l/8 or 32 l/4 radials will work about the same. However, for the h = l/4 antenna the best use of the wire would be 32 l/4 radials. The reason that a large number of short radials are effective stems directly from the high field intensities close to the base of a vertical. The first priority is to reduce the losses close to the base. As more wire becomes available and the losses close to the base have been reduced then reducing the losses further out becomes useful. (See the sidebar Optimum Use of Available Wire.)

A bit of long held conventional wisdom among amateurs is that “the length of the radials should be similar to the height of the vertical.” Figures 3.24 and 3.25 give partial support to that belief. When 8 l of wire is available, l/8 radials will work fine for a l/8 vertical but a smaller number of l/4 radials work better for the l/4 vertical. This stems from the much higher field intensities associated with the l/8 vertical. In short antennas it’s very important to use numerous radials close to the base. But in both cases, when sufficient wire is available, there comes a point where fewer but longer radials are a better choice.
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Optimum Use Of Available Wire
The table and graph in this section are taken from the March 2004 National Contest Journal article “Maximum-Gain Radial Ground Systems for Vertical Antennas,” by Al Christman, K3LC. This table and graph contain results for average soil. (The full article is available in the online content for this book.)
Table 3.A lists the “best” number of radials to maximize the gain, for each specific total wire length, on 40, 80, and 160 meters, in average soil. (Results for very poor to very good soil are provided in the original article.) For a given total length of wire, fewer (but longer) radials are needed as we go lower in frequency. Since the wavelength is greater at lower frequencies, the physical height of the quarter-wave vertical-monopole (radiator) also increases as we switch from 40 to 80 to 160 meters. As a result, the displacement currents leaving the vertical element intersect the soil farther from the base of the antenna, and longer radials are needed in order to collect this current.
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Figure 3.A1 displays the same data in graphical form. Whenever the computer analysis showed that several different numbers of radials would provide the same peak gain, the average value was calculated and used for the graph. It is reasonable to extrapolate from this graph to 30, 20, and 17 meters for radial systems.
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Radial Screens with Missing Sectors

In many installations a vertical may have to be located close to an obstacle such as a building or a driveway and it may not be possible to have a full 360° symmetrical radial field. The lack of radials in a subsector of the radial system will increase ground loss because there aren’t any radials in that sector to keep the field out of the soil! In addition there will be pattern distortion. Depending on the size of the missing radial sector and the soil characteristics the signal reduction and pattern distortion can be several dB.6 This is definitely undesirable but may be unavoidable in some situations. If the obstacle is a building, locating the antenna along one side will result in a 180° missing sector but if the antenna can be moved to a corner of the building the missing sector will only be 90° which will be a significant improvement over the 180° case. From the earlier discussion we know that the ground close to the base is the most critical. If possible, the antenna should be moved away from the structure and a fan of short radials inserted in the missing sector. Of course the building itself may have considerable effect on the antenna. It’s generally a good idea to keep antennas as far as possible from structures. If space is limited in all directions, it may be better to move the antenna away from the structure and accept short radials all the way around.

3.2.4 Elevated Ground Systems

Ground systems can elevated above ground and electrically isolated from ground. The most common system uses four or more l/4 radial wires placed a few feet above ground. Another form of elevated system consists of a number of radial wires, which have lengths <l/4, perhaps with a skirt wire connecting the outer ends of the radial wires as well as interconnecting wires between the radials closer to the base. It is also possible to use an elevated wire mesh. These last two options are often referred to as a “counterpoise” or “capacitive” ground system. A l/4 vertical with several l/4 radials (usually four radials) is called a “ground-plane” antenna. Ground plane antennas are discussed in the Dipoles and Monopoles chapter.

Elevated Systems with Simple Radial Wires

In this section we discuss radial systems made from straight wires of the same length for single band use. Multiband and counterpoise systems are discussed in following sections.

For a number of years there has been much discussion regarding the relative merits of buried or ground surface radials versus elevated radials. Modeling using NEC software has consistently indicated that a few elevated radials should perform as well as a large number of radials on the ground. Modeling has also predicted that the signal would improve very quickly with height even for small elevations. To verify these modeling predictions a carefully controlled series of experiments were performed at 7.2 MHz directly comparing the signal from a vertical using either an on-the-ground system with many radials or an elevated system with only a few radials.7

The experiment began with the base of the vertical at ground level with four l/4 radials lying on the ground surface. The signal strength at a remote point was recorded. This was used as the reference level (0 dB). The next step was to elevate the base of the antenna and the four radials in increments from zero to 48 inches. At each point the change in signal from the reference level was recorded. The second part of the experiment left all the radials on the ground surface but starting with four radials incrementally increased the number of radials. Figure 3.26 shows the results of that experiment. The NEC modeling predictions agree well with the observed behavior:
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1) Even a small elevation makes a considerable difference in signal and

2) The elevated system is equivalent to the ground system with 32 or more radials.

One additional point should be emphasized regarding this experimental work. For the 4-radial elevated system to work as well as the multiple radial ground based system, during the experiment it was found that very great care had to be taken to assure that the radial geometry was highly symmetric, the radial lengths identical and that the currents in the radials were all equal and in phase with the base current as discussed below.

Safety Consideration with Elevated Radials

Before looking more closely at the assertion that four elevated radials are equivalent to many ground-based radials we need to consider a safety issue. Like a vertical located at ground level, elevated verticals will have high voltages on the vertical but in addition, elevated radial systems can have very high fields and voltages on and near the radial wires. Figure 3.27 gives examples of the voltage from a radial wire to ground for 4, 12 and 32 l/4 radial systems.
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Note that the voltages vary from 250 VRMS to nearly 2000 VRMS! These voltages are proportional to [image: ] so that if you drop the power from 1500 W to 100 W, a factor of 15:1, the voltages only drop by a factor of less than four. Even at 100 W, they are still very high! For safety reasons, elevated radial systems are usually placed well above head-height, 8 feet or more. This is done so that people or animals cannot accidentally run into the wires but also because the high voltages which are present on the radials, particularly at the ends, can cause severe RF burns. This hazard is typical of elevated ground systems.

Given the high potentials at the ends of the radials, high quality insulators should be used at the radial ends. In addition to the high voltages, the E-field intensities are also very high near the radial ends. This means there is a danger of corona discharge which can erode the wire or even damage a plastic insulator. Where the radial wires are attached to the insulators, care should be taken that the wire ends do not form any sharp points which could be sites for corona discharge. Usually a ball of solder is used to cover the wire end. This problem will become more acute as the altitude of the station increases.

Some Alternative Elevated Systems

It is not always practical to have the base of the antenna high above ground. For example, a 20 meter l/4 vertical will only be about 17 feet long and made from small diameter aluminum tubing. Elevating this is not a great challenge. But a 160 meter l/4 vertical will be about 130 feet high and probably made from tower sections or heavy tubing. It may not be possible to elevate the base of the larger antennas very high. As an alternative, the elevated radials can be arranged in several ways as shown in Figure 3.28. The simplest approach when the base is close to ground as shown in (B) is to just slope the radials out at an angle. While this approach can place the radial tips well above head height it still leaves a lot of the radial at low heights. Another approach (C) is to slope the initial portion of the radial upward at an angle of 45° until a height of 8 feet is reached and then to run the rest of the radial out at constant height. These are referred to as “gull wing” radials.8
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Another problem that often arises (particularly on 80 and 160 meters) is that there may not be enough space for full l/4 radials. That’s OK because as shown in Figure 3.28D, shorter radials can be used and an inductor added at the base of the antenna to resonate it.9 (Note, it is also possible to place individual inductors in each radial which may be helpful in balancing the current division between the radials.) Another alternative configuration is shown in Figure 3.28E. In this case the base is higher than the ends of the radials. This configuration is often used at 20 meters and above where the radials are self-supporting conductors. When the radials are anchored only at the base some droop to the outer end of the radials would be normal. In some cases the radials are deliberately sloped downward to increase the feed point impedance and provide a lower SWR. It should be pointed out that configurations (B) and (C), where the radials slope upward from the base, will have lower feed point impedances and somewhat reduced SWR bandwidths.7

This raises the question: how much is the antenna performance degraded by these alternate schemes? Again this can be addressed either with modeling or experimentally. The earlier experiment comparing elevated and ground surface radials on 40 meters was extended to compare the alternatives given in Figure 3.28. The results are listed in Table 3.4. All the alternatives were tested with four radials at 7.2 MHz. The base tuning inductor in option (D) had a Q of 350. The conventional system with all of the radials and the base elevated to the same height is used as the 0 dB reference. Except for (E), there is a small penalty associated with the alternate elevated radial configurations (on the order of –0.5 dB) which may be acceptable in many situations.
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Problems with Elevated Radials

The simplicity of elevated systems with only three or four radials is very attractive because, at least in principle, they can be just as effective as much more extensive ground based systems. However, as pointed out above with regard to the experimental work, elevated systems with small numbers of radials are very sensitive to the mechanical details of the radials: i.e. length, droop, asymmetry in the radial fan, nearby conductors and so forth. The input impedance, current division between radials, radiation pattern, resonant frequency and efficiency of the antenna are all sensitive to even small asymmetries. It has been demonstrated experimentally that radial geometry asymmetry9 and irregularities in ground characteristics under the radial fan10 will cause problems. The following discussion explores some of these problems.

Typically a vertical with an elevated ground system will be fabricated with the vertical and the radial lengths calculated from L = 234/f in MHz which is 5% shorter than a free-space l/4. The common wisdom that 5% shortening should be used is derived from work done in the 1930s but is only an approximation. When the base impedance of an actual antenna is checked, the resonant frequency will often be substantially different from what was expected and dependent on the number of radials as well as their length.

NEC modeling can be used to explore what’s happening. The modeling is done in two steps: first model the vertical radiator element over a perfect ground and adjust its length to resonate at the desired frequency (7.2 MHz in this example). This example uses a #12 AWG wire and to be resonant at 7.2 MHz, h = 32.22 feet which is about 5.5% shorter than free space. The next step in the modeling is to add various numbers of horizontal #12 AWG wire radials. Each of the radials has the same length as the vertical (L = 32.22 feet). Figure 3.29 shows the resonant frequency as a function of the number of radials from 2 to 128.
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The resonant frequency of the complete antenna with the radials approaches the desired 7.2 MHz but doesn’t quite get there. Even when a large number of l/4 radials are used, the radial fan is not the same as an infinite ideal ground. In general, elevated systems should start with radials and perhaps the vertical radiator, with a length corresponding to the free space value for l/4 (L = 246/f in MHz) and then trim the radials to resonate the antenna at the desired frequency. There is another reason for starting with a vertical that is a bit taller. When the radials are trimmed to resonate the antenna, the length of the radials will be somewhat shorter than might be expected. This saves wire and reduces the footprint.

A very common problem in elevated systems is that the radials may not all be exactly the same length. Experimentally this has been shown to cause non-uniform current division between the radials which can have a serious effect on the performance of the antenna.9 We can model an example to demonstrate how severe this effect can be. Start with a 40 meter l/4 vertical with four radials as shown in Figure 3.30, where the base of the vertical and the radials are placed 8 feet above average ground (s = 0.005 S/m, er = 13). Radials 1 and 2 form a pair of opposing radials with a length = L. Radials 3 and 4 are a second opposing pair of radials with length = M. First we model the antenna with all the radials the same length (L = M) and then with radials that differ in length (L ≠ M). The initial length for the vertical and the radials was made 34.1 feet to resonate the antenna at 7.2 MHz.
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The modeled feed point impedances (from 7.0 to 7.3 MHz) for three different radial length configurations are compared in Figure 3.31 which is a graph of Rin versus Xin (Zin = Rin + jXin = feed point impedance) as the frequency is varied from 7.0 to 7.3 MHz. The plot on the left is for the case where all the radials are identical (L = M = 34.1 feet). The looping plot on the right is for case where L = 35.6 feet and M = 33.1 feet, this represents a length error of ±2.9%. The middle plot is for L = 34.6 feet and M = 33.6 feet, which is a length error of ±1.4%. Clearly even small radial length asymmetry can have a dramatic effect on the feed point impedance and resonant frequency. The resonant frequency is the point at which Xin = 0.
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But feed point impedance is not the only problem created by asymmetric radial lengths. Figure 3.32 compares modeled radiation patterns between symmetric and asymmetric sys-tems at 7.25 MHz. The amount of pattern distortion varies across the band from a fraction of a dB at 7.0 MHz to 3 dB at 7.25 MHz. Besides the distortion, the gain in all directions is smaller for the asymmetric case. Computing the average gains for the symmetric and asymmetric cases in Figure 3.32, there is about a 1.6 dB difference. What this tells us is that asymmetric radials can lead to significantly higher ground losses!
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The pattern distortion and increased ground loss with asymmetric radials occurs because the radial currents with asymmetric radial lengths can be much different from the symmetric case. An example is given in Figure 3.33. The graph bars represent the current amplitudes at the base of the vertical and each of the radials immediately adjacent to the base of the vertical. The black bars are for symmetric radial lengths (L = M = 34.1 feet) and the red bars are for asymmetric radials (L = 35.1 feet and M = 33.1 feet). In the symmetric case each of the radials has a current of 0.25 A which sums to 1 A, the current at the base of the vertical. The radial currents are also in phase with the base current.
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With asymmetric radials the picture is very different: the current amplitudes are different between radial pairs 1 and 2 and 3 and 4 and the sum of the current amplitudes is not 1 A, it is much larger! This would seem to violate Kirchhoff’s current law which requires the vector sum of the currents at a node to be zero. In this case the radial currents in the two pairs of radials are not in phase with each other or the vertical base current. The current in radials 1 and 2 is shifted by –62° from the base current and the current in radials 3 and 4 is shifted by +89°. The radial currents still sum vectorially to 1 A however. These large asymmetric currents go a long way towards explaining the increased loss and pattern distortion.

How can we tell if there is a problem in an existing radial fan? One way is to measure the current amplitudes in the individual radials close to the base of the vertical.13 If the current amplitudes are significantly different between the radials and/or if the sum of the current amplitudes in the radials is greater than the base current then you have a problem. These measurements can be made with a RF ammeter. More accurate measurements which also show the phase can be made using current transformers and an oscilloscope (see the section “Practical Aspects of Phased Array Design” in the Phased Arrays chapter) or a vector network analyzer (see the Antenna and Transmission Line Measurements chapter).13

The sensitivity to asymmetric radial lengths is reduced when a larger number of radials are employed. The primary effect of additional elevated radials (>4) is to reduce the sensitivity to radial asymmetry, nearby conductors, variations in ground conductivity or objects under the radial fan, and, as shown in Figure 3.27, more numerous radials reduce the potentials on the radials. More numerous radials also reduce the E-field intensity below the radial fan. Whenever possible an elevated ground system should use 10 or more radials. If you follow that rule you are very likely to get the performance you expect. With small numbers of elevated radials the results can be hit or miss.

Sometimes it’s not possible to have a symmetric radial fan of l/4 radials. This is often the case on 160 or 80 meters. Because each installation will be unique it is difficult to give general advice but certainly the first step should be to model the proposed antenna with different radial options to get a feeling for how well they might work. One option is to keep the radial fan symmetric with a radius smaller than l/4. You can then resonate the vertical with an inductor as shown in Figure 3.28D, add some top-loading to the vertical, make the vertical taller, or some combination of all three. With short radials it may be helpful to add a skirt wire at the ends of the radials as shown in Figure 3.34. Adding a skirt wire to the radial system will reduce the size of the base loading inductance.
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Isolation of Elevated Ground Systems

In an elevated ground system it is good practice to isolate the feed line with a common mode choke (i.e. a current balun — see the Transmission Line System Techniques chapter). Simply attaching a coaxial feed line to the antenna and running it back down to ground can increase ground loss and in some cases have a strong effect on the resonant frequency and behavior of the impedance across the band. The effects of not isolating the feed line vary from slight to severe depending on the details of each installation. Elevated systems with small numbers of radials are particularly sensitive. An additional problem with asymmetric radials is that they can greatly increase the voltage across the balun, leading to larger losses in the balun core.

3.2.5 Notes On Radial Systems

Current Distribution on Radials

Ground systems using elevated radials, radials lying on the ground surface, or buried radials can all provide good performance but there are some differences with practical consequences which need to be recognized. As shown in Figure 3.35, the current distribution on a l/4 radial is different for each of those arrangements.
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When a radial is placed very close to the ground, the velocity of propagation along the radial is slower so that the radial is effectively electrically longer and the current maximum moves out onto the radial as shown in Figure 3.35B. This has two consequences: First, it can increase the ground loss and, second, it can affect the feed point impedance and resonant frequency of the vertical. 14,15 Note from the current distribution, that the ground surface radial behaves more like an elevated radial than a buried one. Ground surface radials can affect the resonant frequency of the antenna.

An example of this is given in Figure 3.36. The experiment from which the data in Figure 3.36 was obtained began with no radials and only a single ground stake. As radials were added, the resonant frequency of the antenna was measured. Initially the change in resonant frequency was quite rapid but by 32 radials the rate of change slowed and the resonant frequency stabilized. The additional ground loss when <8 radials are used can be significant, providing another reason for not using a few long radials.14
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For bare radials, well buried in the soil, the radial current distribution is exponential due to the damping effect of the soil conductivity (Figure 3.35C). In general, changing the radial number in buried systems does not greatly affect resonance except possibly in very low conductivity soils. The change in current distribution as a radial is taken from the surface into the soil is not abrupt. Radials just below the surface will behave much like radials right on the surface. The rate of change depends on the soil characteristics so don’t be surprised if you see some shift in resonance as more radials are added with shallow burial.

The goal of the radial system is to give current returning to the feed point a low-loss path through metal rather than soil. It is also more convenient for radials to be on the ground surface or buried. Figure 3.35 indicates that ground surface radials provide a reasonable compromise between efficiency and convenience. The discussion of radial systems in the General Purpose MF and HF Antennas chapter shows several practical options, including how to let grass and the animals living in the soil do the job of burying the radials for you.

Advice on Ground Systems
With so many configurations and options available, some advice on ground systems is in order: Buried, ground surface or elevated radial systems can all be very efficient. However, no matter which configuration is chosen, a few long radials are not likely to provide a satisfactory ground system. If you want an efficient ground system don’t skimp on the radials! Try to use at least 20 or more radials on the ground and 10 or more in elevated systems.


Multiband Radial Systems

Multiband verticals are very popular which raises the question of what kind of ground system to use with them? In practice, the most common ground system, either on the ground or elevated, has four l/4 radials for each band. For example if the vertical operates on 7, 14, 21 and 28 MHz there will be a total of 16 radials which is about 280 feet of radial wire. Multiband ground systems have been evaluated experimentally and shown to work very well.15 Even though the most common system has only four radials on each band, coupling between the radials seems to minimize the elevated system problems discussed earlier. One alternative (for either on-the-ground or elevated systems) for a 40-10 meter vertical would be to use 30 or more 40 meter l/4 radials with-out any of the shorter higher band radials. This also works well yielding an improvement of about 1 dB over the standard system. However, 30 radials on 40 meters total about 2100 feet of wire which is almost eight times the total wire in the standard system!

Radial Wire Size and Material

If the recommended number of radials is used, the wire size used in a radial system usually has only a small effect on the electrical performance. For a given amount of copper it is much better to use many small diameter radials instead of a few large ones. The practical issues are more mechanical than electrical: i.e. is the wire sturdy enough for installation and will it survive burial in the soil or lying on the soil surface for extended periods? In the case of elevated radial systems, is the wire strong enough to be stretched between the supports and, in climates where icing is a problem, is it strong enough for the possible ice load? The wire can be either insulated or bare although in the case of buried radials insulated wire may resist corrosion longer. Wire sizes as small as #22 AWG may be acceptable if there are a large number of radials. Either copper or aluminum wire can be used. Steel wire is very strong and inexpensive but both copper and aluminum wire have much better conductivity. Generally speaking galvanized fence wire should be viewed as an emergency measure. Although aluminum wire is attractive because it’s much cheaper than copper, it has much lower corrosion resistance and may not be suitable for buried installations in most soils. Aluminum has the additional problem that it is difficult to solder and usually requires mechanical connections which may not be reliable when exposed to the weather for long periods. Either solid or stranded wire can be used in ground systems although in buried systems solid wire may be more corrosion resistant. For elevated systems where severe ice loading is expected Copperweld or Alumaweld wire can be used. These are steel wires with a thick copper or aluminum cladding. This construction gives both good conductivity and great strength. However, any damage to the cladding will expose bare steel to the elements, resulting in corrosion.

Insulated copper wire will frequently be less expensive than bare wire and in addition, insulated wire of many different kinds is often available inexpensively from surplus sources. It is not necessary to strip the insulation from the wire to use it for radials except to connect it at the base of the antenna or to other radials. In an elevated system loading by the insulation will make the radials electrically 2-3% longer but add little loss. For buried radials the insulation may provide some corrosion protection.

RADIALS FOR DIRECTIONAL ARRAYS

In directional arrays such as four-squares, a full-size radial system for each element is large enough to overlap with the radials from adjacent elements. This is common in AM broadcast antenna systems and the industry’s approach is described in the paper “AM Antenna Systems” from Rockwell Media at rockwellmedia.net/wp-content/uploads/2019/11/AM-Antenna-Systems-White-Paper-1.pdf.

For directional antennas with multiple towers, the same basic ground system elements (buried radials – Ed.) are used, except where radials from different towers intersect, they are terminated into and bonded to a transverse copper strap. For example, in a two-tower array with 1⁄4 wavelength spacing, a transverse copper strap would be installed halfway between the two towers and all the radials that would intersect the other tower’s radials would terminate onto the transverse strap.

Amateurs are unlikely to have the budget to use that much copper strap, but a heavy wire will suffice. The job becomes more tedious than difficult, requiring the soldering of many wires, but this provides the best current path and minimizes interactions and variations with weather-related ground conductivity. If insulated radials are used or the radials are buried at different depths, the radial systems can be left overlapping without direct contact, realizing that there may be some interaction between the elements.

Multi-element vertical arrays are often constructed with elevated radial systems. Interaction of the radials can be much stronger than in buried-radial systems. Configuration of elevated radials in these systems was discussed in two QST articles by Christman.20

3.2.6 Counterpoise Systems

(The following section is largely derived from Rudy Severns, N6LF’s paper, LF and MF Antennas for Amateurs, which is included in the online material for the chapter on General Purpose HF and MF Antennas.)

THE DEFINITION OF COUNTERPOISE

The term “counterpoise” is widely used (and misused) in amateur antenna system design. It is often confused with a set of radial wires that are buried or placed directly on top of the ground. A system of a small number of radials is occasionally referred to as a counterpoise, as well. Finally, it is sometimes applied to a single wire, often laid directly on the ground, attached to a feed point or equipment enclosure. None of these are counterpoises.

Early radio system designers, working at what is today called LF and MF, recognized that an elevated system called a “counterpoise” or “capacitive ground,” with dimensions significantly smaller than λ/4, could be very effective. Summarizing the preceding decades of radio practice, here is the 1952 definition of a counterpoise by Laport (see References and Bibliography):

“The counterpoise is an insulated net of radial wires assembled above the ground to form a large capacitance with the ground. From the earliest days of radio, the merits of the counterpoise as a low-loss ground system have been recognized because of the way in that the current densities in the ground are more or less uniformly distributed over the area of the counterpoise…It is inconvenient structurally to use very extensive counterpoise systems, and this is the principal reason that has limited their application. The size of the counterpoise depends upon the frequency. It should have sufficient capacitance to have a relatively low reactance at the working frequency so as to minimize the counterpoise potentials with respect to ground. The potential existing on the counterpoise may be a physical hazard that may also be objectionable. There should not be any connection to actual ground in the antenna circuit when a counterpoise is used.”

The counterpoise definition in amateur publications began to drift in following years, however. LB Cebik, W4RNL, traced the gradual changes in a paper titled “Counterpoise? The Use and Abuse of a Word.”21 He summarizes the types of systems employed with vertical monopole antennas as follows:

“Below the ground, we have buried radial systems with the wire in direct (or nearly direct, if the wires are insulated) contact with the ground. Next, we have the counterpoise alternative to buried radials. The counterpoise size and wire density equaled that of the buried radial system for maximum efficiency. Third, we have elevated radials, where the capacitance between the radials and the ground is too small to be effective in the determination of antenna efficiency. Rather, the radials become part of the antenna structure sufficiently independent of the ground that antenna resonance is a function of the overall antenna size at the operating frequency.”

In radial systems, the non-resonant radial wires form a ground plane or ground screen so that return currents in the ground flowing to the feed point do not flow through lossy soil. This reduces ground losses and increases the antenna system’s efficiency. In elevated radials, the radial wires and antenna are tuned to create a resonant system above and not connected to the ground. Both cases are discussed in previous sections of this chapter.

Figure 3.37 shows an example of a counterpoise, also from Laport. Rectangular counterpoises, some with a coarse rectangular mesh, were common. Amateurs also used counterpoises. Figure 3.38 is a sketch of the antenna used for the initial transatlantic tests by amateurs (1BCG) in 1921-22.The operating frequency for the tests was about 1.3 MHz (230 meters). At 1.3 MHz λ/4 = 189 feet so the 60-foot radius of the counterpoise corresponds to ≈0.08 λ.
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Finally, a single wire attached to a feed point merely acts as more of the antenna, even if lying on the ground. It is usually used to lower or stabilize the feed point impedance by effectively moving the feed point away from the end of the antenna where impedance is very high. Quarter-wavelength, resonant wires are sometimes attached to equipment in order to lower RF voltage on the enclosure or attached cables.

Counterpoises vs Buried Radial Systems

It is useful to compare buried radial systems with a counterpoise using a modeled antenna. In many cases the ground under and near the antenna may not be suitable for a buried radial system. For low-frequency antennas, a standard radial system may be impractically large. For this comparison, the antennas modeled are shown in Figure 3.39 – 3.47; a 42-foot vertical with a 16-wire, 25-foot radius umbrella and a counterpoise; and a 50-foot vertical with a 16-wire, 25-foot radius umbrella and a buried radial system. The umbrella, counterpoise, and buried radial system all have skirt wires connecting the end of radial conductors. Note that the tops of the antennas are both at 50 feet, so for the counterpoise vertical, H=42 feet (the vertical conductor length) with the counterpoise 8 feet above the ground, but for the buried radial system vertical, H=50 feet. (For safety reasons the counterpoise is assumed to be installed at least 8 feet above the ground so there is no danger of casual contact with the high potentials on the counterpoise while transmitting. This is a concern for any elevated radial system.)
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Figure 3.39 shows a comparison between 64-radial buried radial systems and 16-radial counterpoises as the radius of the ground system is varied from 10’ to 50’. In the graphs, solid lines are for the counterpoise and the dashed lines are for the buried radial system.

With 16 radials the counterpoise is superior for radii less than 100 feet. With 64 wires the counterpoise is better out to about 35 feet after which the buried system is better. While the counterpoise looks better electrically, remember that it is a large and very visible elevated structure while the buried or ground surface system is out of sight. In addition, the counterpoise will require posts to support the ends, insulators at the outer periphery, a larger loading inductor, and an isolation choke for the feed line. (Link coupling to a loading coil can also be used for feed line isolation.)

Electrically short verticals can be analyzed as a resistor in series with a large capacitive reactance (XC). (See N6LF’s paper from which this section is derived for a detailed discussion of how the antenna ground system is modeled.) The series resistance is a combination of all the antenna resistances; radiation resistance (Rg), loss resistance (RL which includes losses in conductors and the loading coil), and ground losses (Rg).

An important point is that in most cases a loading inductor will be needed to resonate the antenna by canceling XC. This inductor will have a finite Q and in many cases the inductor loss will be the dominant resistive loss in the system. For each graph the appropriate values for RL were used assuming a coil Q of 400. (See the paper by N6LF on LF and MF Antennas in the online material for the General-Purpose MF and HF Antennas chapter for a thorough analysis of typical short verticals.)

To generalize from this example to other configurations, it’s useful to look in more detail at what’s happening to Rr, RL, and Rg as we vary the radius of the buried radial system or counterpoise.

Figures 3.41 through 3.42 show comparisons as a function of radial length for Rr, RL, and Rg between a buried system and a counterpoise. As the figures show, there are significant differences between the values and behavior of Rr, RL, and Rg. In Figure 3.40, Rr for the vertical with a counterpoise is significantly lower than for the buried radial system. This is because the length of the vertical is shorter with the counterpoise (42 feet). For short verticals, Rr varies as the square of the length. For example, comparing Rr’ at 42 feet to Rr at 50 feet, where Rr=0.79 Ω:
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Rr' = 0.79(42 / 50)2 = 0.56 W

This agrees with what we see in Figure 3.40. If we have a vertical taller than 50 feet, the reduction in Rr from shortening its length by 8 feet will be reduced, but if the vertical is shorter than 50 feet the reduction in Rr will be greater.

Figure 3.41 shows how much larger RL becomes when the counterpoise is employed. This comes from two sources: first, XC is larger due to the shorter length and second, the counterpoise itself introduces a reactance (XCP) in series with XC. To resonate the antenna with a loading coil requires inductive reactance of XL=XC+XCP, and the loading inductor will be larger which increases RL. (Since the vertical is made shorter by the height of the counterpoise (8 feet) a larger loading inductor is required to resonate the antenna.) Increasing the radius of the counterpoise and the number of radial wires reduces XCP and thus, the required reactance of the loading coil.
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The trends in Figures 3.41 and 3.42 would seem to favor the buried ground system but Figure 3.42 gives the opposite message. It shows the counterpoise is indeed a very efficient ground system which has much lower ground losses as seen in the lower values for Rg. When combine the values in Figure 3.40 and 3.42 are combined using the following equations, you get the result shown in Figure 3.42 where the counterpoise has better efficiency for the smaller radii (<40 feet):
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In some ways however, the comparison just made between a buried radial system and a counterpoise is a bit misleading because the overall height of the vertical was limited to a fixed value (H=50 feet). If we keep H=50 feet and simply elevate the entire vertical by 8 feet so that the top is now at 58 feet, then the results are different as shown in Figure 3.43 where the dashed lines are for buried wire ground systems and the solid lines are for a counterpoise with the same number of radials and radius.
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What we see in the upper two traces in Figure 3.43 is that simply raising the entire antenna by 8 feet and substituting the counterpoise for the buried wire system makes a large improvement in efficiency and the counterpoise is superior at all radii up to and beyond 50 feet. You could argue that if we can raise the entire antenna 8 feet we could just as well have simply increased H to 58 feet and retained the buried ground system but as we can see in Figure 3.43, the counterpoise is still better, at least to radii of 50 feet.

The point is that if you have reasonable heights for the vertical and lots of capacitive top-loading but very restricted room for the ground system, then a counterpoise may be the best option. Be careful in drawing general conclusions from the limited examples given here. There are many variables: ground characteristics, height of the top of the vertical, height of the bottom of the vertical, the amount of top-loading, the number of wires in the counterpoise, the radius, etc. The choice between buried wire and counterpoise ground systems is not obvious! The considerable mechanical complexity, vulnerability to ice damage and visual impact of a counterpoise may also work against it. This choice must be made on a case-by-case basis and will probably require modeling with NEC4 software.

Reiterating safety concerns, just as with an elevated radial system, the counterpoise system will have high voltages present, even when not running high power. Care must be taken to keep these points away from flammable material and from where people might come in contact with them. A true counterpoise, not connected to the ground, cannot serve as part of a lightning protection ground, either. That ground path will have to be provided separately and the effect of that connection and where it is located will have to be taken into account when designing the overall antenna system.

3.3 The Effect of Ground in the Far Field

The properties of the ground in the far field of an antenna are very important, especially for a vertically polarized antenna. Even if the ground-radial system for a vertical has been optimized to reduce ground-return losses in the reactive near field to an insignificant level, the electrical properties of the ground may still diminish far-field performance to lower levels than “perfect-ground” analyses might lead you to expect. The key is that ground reflections from horizontally and vertically polarized waves behave very differently.

This section, from earlier editions, uses an alternate convention in which k and εr refer to the same quantity and are interchangeable, as are σ and G. Both are in common use in the technical literature.

3.3.1 Reflections In General

First, let us consider the case of flat ground. Over flat ground, either horizontally or vertically polarized down-going waves launched from an antenna into the far field strike the surface and are reflected by a process very similar to that by which light waves are reflected from a mirror. As is the case with light waves, the angle of reflection is the same as the angle of incidence, so a wave striking the surface at an angle of, say, 15° is reflected upward from the surface at 15°.

The reflected waves combine with direct waves (those radiated at angles above the horizon) in various ways. Some of the factors that influence this combining process are the height of the antenna, its length, the electrical characteristics of the ground, and the polarization of the wave. At some elevation angles above the horizon the direct and reflected waves are exactly in phase — that is, the maximum field strengths of both waves are reached at the same time at the same point in space, and the directions of the fields are the same. In such a case, the resultant field strength for that angle is simply the sum of the direct and reflected fields. (This represents a theoretical increase in field strength of 6 dB over the free-space pattern at these angles.)

At other elevation angles the two waves are completely out of phase — that is, the field intensities are equal at the same instant and the directions are opposite. At such angles, the fields cancel each other. At still other angles, the resultant field will have intermediate values. Thus, the effect of the ground is to increase radiation intensity at some elevation angles and to decrease it at others. When you plot the results as an elevation pattern, you will see lobes and nulls, as described in the Antenna Fundamentals chapter.

The concept of an image antenna is often useful to show the effect of reflection. As Figure 3.44 shows, the reflected ray has the same path length (AD equals BD) that it would if it originated at a virtual second antenna with the same characteristics as the real antenna, but situated below the ground just as far as the actual antenna is above it.
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Now, if we look at the antenna and its image over perfect ground from a remote point on the surface of the ground, we will see that the currents in a horizontally polarized antenna and its image are flowing in opposite directions, or in other words, are 180° out of phase. But the currents in a vertically polarized antenna and its image are flowing in the same direction — they are in phase. This 180° phase difference between the vertically and horizontally polarized reflections off ground is what makes the combinations with direct waves behave so very differently.

For horizontally polarized waves, the Fresnel zone (fruh-NEL) is the region of ground surface from which reflections create the antenna’s elevation pattern. The location of the zone changes for different antenna heights, elevation angles, and wavelengths. Point D in Figure 3.44 is in the Fresnel zone for this particular reflection. While the material in this chapter generally assumes that the ground surface is flat, the actual characteristics and topography of the ground in the Fresnel zone are very important in determining the resulting elevation pattern. This is discussed in detail in the chapter HF Antenna System Design. That chapter also includes an extensive discussion on the use of HFTA terrain analysis and modeling software.

3.3.2 Far-Field Ground Reflections and The Vertical Antenna

A vertical’s azimuthal directivity is omnidirectional. A l/2 vertical over ideal, perfectly conducting earth has the elevation-plane radiation pattern shown by the solid line in Figure 3.45. Over real earth, however, the pattern looks more like the shaded one in the same diagram. In this case, the low-angle radiation that might be hoped for because of perfect-ground performance is not realized in the real world.
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Now look at Figure 3.46A, which compares the computed elevation-angle response for two half-wave dipoles at 14 MHz. One is oriented horizontally over ground at a height of l/2 and the other is oriented vertically, with its center just over l/2 high (so that the bottom end of the wire doesn’t actually touch the ground). The ground is “average” in dielectric constant (13) and conductivity (0.005 S/m). At a 15° elevation angle, the horizontally polarized dipole has almost 7 dB more gain than its vertical brother. Contrast Figure 3.46A to the comparison in Figure 3.46B, where the peak gain of a vertically polarized half-wave dipole over seawater, which is virtually perfect for RF reflections, is quite comparable with the horizontal dipole’s response at 15°, and exceeds the horizontally polarized antenna dramatically below 15° elevation.
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Real-World Ground Surfaces
The material in this chapter deals with the effects of ground assuming that the ground surface around the antenna is flat. This is obviously not the case in the majority of actual installations! Accounting for the effects of non-flat ground is included in the chapter HF Antenna System Design, including an extensive discussion on the use of HFTA terrain analysis software by Dean Straw, N6BV.


To understand in a qualitative fashion why the desired low-angle radiation from a vertical is not delivered when the ground isn’t “perfect,” examine Figure 3.47A. Radiation from each antenna segment reaches a point P in space by two paths; one directly from the antenna, path AP, and the other by reflection from the earth, path AGP. (Note that P is so far away that the slight difference in angles is insignificant — for practical purposes the waves are parallel to each other at point P.)
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If the earth were a perfectly conducting surface, there would be no phase shift of the vertically polarized wave upon reflection at point G. The two waves would add together with some phase difference because of the different path lengths. This difference in path lengths of the two waves is why the free-space radiation pattern differs from the pattern of the same antenna over ground.

Now consider a point P that is close to the horizon, as in Figure 3.47B. The path lengths AP and AGP are almost the same, so the magnitudes of the two waves add together, producing a maximum at zero angle of radiation. The arrows on the waves point both ways since the process works similarly for transmitting and receiving.

With real earth, however, the reflected wave from a vertically polarized antenna undergoes a change in both amplitude and phase in the reflection process. Indeed, at a low-enough elevation angle, the phase of the reflected wave will actually change by 180° and its magnitude will then subtract from that of the direct wave. At a zero takeoff angle, it will be almost equal in amplitude, but 180° out of phase with the direct wave.

Note that this is very similar to what happens with horizontally polarized reflected and direct waves at low elevation angles. Virtually complete cancellation will result in a deep null, inhibiting any radiation or reception at 0°. For real-world soils, the vertical loses the theoretical advantage it has at low elevation angles over a horizontal antenna, as Figure 3.46A so clearly shows.

The degree that a vertical works better than a horizontal antenna at low elevation angles is largely dependent on the characteristics of the ground around the vertical, as we’ll next examine.

3.3.3 The Pseudo-Brewster Angle (PBA) and The Vertical Antenna

Much of the material presented here regarding pseudo-Brewster angle was prepared by Charles J. Michaels, W7XC, and first appeared in July 1987 QST, with additional information in The ARRL Antenna Compendium, Vol 312 and Cebik’s article on the PBA.19

Most fishermen have noticed that when the sun is low, its light is reflected from the water’s surface as glare, obscuring the underwater view. When the sun is high, however, the sunlight penetrates the water and it is possible to see objects below the surface of the water. The angle at which this transition takes place is known as the Brewster angle, named for the Scottish physicist, Sir David Brewster (1781-1868).

A similar situation exists in the case of vertically polarized antennas; the RF energy behaves as the sunlight in the optical system, and the earth under the antenna acts as the water. The pseudo-Brewster angle (PBA) is the angle at which the reflected wave is 90° out of phase with respect to the direct wave. “Pseudo” is used here because the RF effect is similar to the optical effect from which the term gets its name. Below this angle, the reflected wave is between 90° and 180° out of phase with the direct wave, so some degree of cancellation takes place. The largest amount of cancellation occurs near 0°, and steadily less cancellation occurs as the PBA is approached from below.

The factors that determine the PBA for a particular location are not related to the antenna itself, but to the ground around it. The first of these factors is earth conductivity, s, which is a measure of the ability of the soil to conduct electricity. Conductivity, measured in siemens/meter is the inverse of resistivity. The second factor is the dielectric constant, er, which is a unit-less quantity that corresponds to the capacitive effect of the earth. (See the section “Electrical Characteristics of Ground” earlier in this chapter for a discussion of both s and e.) For both of these quantities, the higher the number, the better the ground (for vertical antenna purposes). The third factor determining the PBA for a given location is the frequency of operation. The PBA increases with increasing frequency, all other conditions being equal.

As the frequency is increased, the role of the dielectric constant in determining the PBA becomes more significant. Table 3.5 shows how the PBA varies with changes in ground conductivity, dielectric constant and frequency. The table shows trends in PBA dependency on ground constants and frequency.
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At angles below the PBA, the reflected vertically polarized wave subtracts from the direct wave, causing the radiation intensity to fall off rapidly. Similarly, above the PBA, the reflected wave adds to the direct wave, and the radiated pattern approaches the perfect-earth pattern. Figure 3.48 shows the PBA, usually labeled yB.
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When plotting vertical-antenna radiation patterns over real earth, the reflected wave from an antenna segment is multiplied by a factor called the vertical reflection coefficient, and the product is then added vectorially to the direct wave to get the resultant. The reflection coefficient consists of an attenuation factor, A, and a phase angle, f, and is usually expressed as A∠f. (f is always a negative angle, because the earth acts as a lossy capacitor in this situation.) The following equation (see Terman in the “References and Bibliography”) can be used to calculate the reflection coefficient for vertically polarized waves, for earth of given conductivity and dielectric constant at any frequency and elevation angle (also called the wave angle in many texts).

	[image: ]	(9)


where

AVert ∠ f = vertical reflection coefficient

y = elevation angle
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k = dielectric constant of earth (k for air = 1)

G = conductivity of earth in S/m

f = frequency in MHz

j = complex operator ([image: ])

(Reminder: k and er refer to the same quantity and are interchangeable, as are s and G. Both are in common use in the technical literature.)

Solving this equation for several points illustrates the effect of earth on vertically polarized signals at a particular location for a given frequency range. Figure 3.48 shows the reflection coefficient as a function of elevation angle at 21 MHz over average earth (G = 0.005 S/m, and k = 13). Note that as indicated by the dashed lines, the phase curve, φ, passes through 90° (right-hand axis) as the attenuation curve (A) passes through a minimum at the same wave angle y. This is the PBA. At this angle, the reflected wave is not only at a phase angle of 90° with respect to the direct wave, but is so low in amplitude that it does not aid the direct wave by a significant amount. In the case illustrated in Figure 3.48 this elevation angle is about 15°.

Variations in PBA with Earth Quality

From Eq 9, it is quite a task to search for either the 90° phase point or the attenuation curve minimum for a wide variety of earth conditions. Instead, the PBA can be calculated directly from the following equation.
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where k, G and f are as defined for Eq 9, and
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Figure 3.49 shows curves calculated using Eq 10 for several different earth conditions, at frequencies between 1.8 and 30 MHz. As expected, poorer earths yield higher PBAs. Unfortunately, at the higher frequencies (where low-angle radiation is most important for DX work), the PBAs are highest. The PBA is the same for both transmitting and receiving.
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Relating PBA to Location and Frequency

Table 3.2 presented earlier in this chapter lists the physical descriptions of various kinds of earth with their respective conductivities and dielectric constants, as mentioned earlier. Note that in general, the dielectric constants and conductivities are higher for better earths. This enables the labeling of the earth characteristics as extremely poor, very poor, poor, average, very good, and so on, without the complications that would result from treating the two parameters independently.

Fresh water and salt water are special cases; in spite of high resistivity, the fresh-water PBA is 6.4°, and is nearly independent of frequency below 30 MHz. Salt water, because of its extremely high conductivity, has a PBA that never exceeds 1° in this frequency range. The extremely low conductivity listed for cities (the last case) in Table 3.5 results more from the clutter of surrounding buildings and other obstructions than any actual earth characteristic. The PBA at any location can be found for a given frequency from the curves in Figure 3.49. (The map presented earlier as Figure 3.2 shows approximate conductivity values for different areas in the continental United States.)

3.3.4 Flat-Ground Reflections and Horizontally Polarized Waves

The situation for horizontal antennas is different from that of verticals. Figure 3.50 shows the reflection coefficient for horizontally polarized waves over average earth at 21 MHz. Note that in this case, the phase-angle departure from 0° never gets very large, and the attenuation factor that causes the most loss for high-angle signals approaches unity for low angles. Attenuation increases with progressively poorer earth types.
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In calculating the broadside radiation pattern of a horizontal l/2 dipole, the perfect-earth image current, equal to the true antenna current but 180° out of phase with it) is multiplied by the horizontal reflection coefficient given by Eq 11 below. The product is then added vectorially to the direct wave to get the resultant at that elevation angle. The reflection coefficient for horizontally polarized waves can be calculated using the following equation.

	[image: ]	(11)


where

AHoriz ∠ f = horizontal reflection coefficient

y = elevation angle
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k = dielectric constant of earth

G = conductivity of earth in S/m

f = frequency in MHz

j = complex operator ([image: ])

For a horizontal antenna near the earth, the resultant pattern is a modification of the free-space pattern of the antenna. (See the “Effects of Local Terrain” section of the HF Antenna System Design chapter.) Figure 3.51 shows how this modification takes place for a horizontal l/2 antenna over a perfectly conducting flat surface. The patterns at the left show the relative radiation when one views the antenna from the side; those at the right show the radiation pattern looking at the end of the antenna. Changing the height above ground from l/4 to l/2 makes a significant difference in the high-angle radiation, moving the main lobe down lower.
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Note that for an antenna height of l/2 (Figure 3.51, bottom), the out-of-phase reflection from a perfectly conducting surface creates a null in the pattern at the zenith (90° elevation angle). Over real earth, however, a filling in of this null occurs because of ground losses that prevent perfect reflection of high-angle radiation.

At a 0° elevation angle, horizontally polarized antennas also demonstrate a null, because out-of-phase reflection cancels the direct wave. As the elevation angle departs from 0°, however, there is a slight filling-in effect so that over other-than-perfect earth, radiation at lower angles is enhanced compared to a vertical. A horizontal antenna will often outperform a vertical for low-angle DX work, particularly over lossy types of earth at the higher frequencies.

Reflection coefficients for vertically and horizontally polarized radiation differ considerably at most angles above ground, as can be seen by comparison of Figures 3.48 and 3.50. (Both sets of curves were plotted for the same ground constants and at the same frequency, so they may be compared directly.) This is because, as mentioned earlier, the image of a horizontally polarized antenna is out-of-phase with the antenna itself, and the image of a vertical antenna is in-phase with the actual radiator.

The result is that the phase shifts and reflection magnitudes vary greatly at different angles for horizontal and vertical polarization. The magnitude of the reflection coefficient for vertically polarized waves is greatest (near unity) at very low angles, and the phase angle is close to 180°. As mentioned earlier, this cancels nearly all radiation at very low angles. For the same range of angles, the magnitude of the reflection coefficient for horizontally polarized waves is also near unity, but the phase angle is near 0° for the specific conditions shown in Figures 3.42 and 3.44. This causes reinforcement of low-angle horizontally polarized waves. At some relatively high angle, the reflection coefficients for horizontally and vertically polarized waves are equal in magnitude and phase. At this angle (approximately 81° for the example case), the effect of ground reflection on vertically and horizontally polarized signals will be the same.

3.3.5 Directive Patterns Over Real Ground

As explained in the Antenna Fundamentals chapter, because antenna radiation patterns are three-dimensional, it is helpful in understanding their operation to use a form of representation showing the elevation-plane directional characteristic for different heights. It is possible to show selected elevation-plane patterns oriented in various directions with respect to the antenna axis. In the case of the horizontal half-wave dipole, a plane running in a direction along the axis and another broadside to the antenna will give a good deal of information.

The effect of reflection from the ground can be expressed as a separate pattern factor, given in decibels. For any given elevation angle, adding this factor algebraically to the value for that angle from the free-space pattern for that antenna gives the resultant radiation value at that angle. The limiting conditions are those represented by the direct ray and the reflected ray being exactly in-phase and exactly out-of-phase, when both (assuming there are no ground losses) have equal amplitudes. Thus, the resultant field strength at a distant point may be either 6 dB greater than the free-space pattern (twice the field strength), or zero, in the limiting cases.

Horizontally Polarized Antennas

The way in which pattern factors vary with height for horizontal antennas over flat earth is shown graphically in the plots of Figure 3.52. The solid-line plots are based on perfectly conducting ground, while the shaded plots are based on typical real-earth conditions. These patterns apply to horizontal antennas of any length. While these graphs are, in fact, radiation patterns of horizontal single-wire antennas (dipoles) as viewed from the axis of the wire, it must be remembered that the plots merely represent pattern factors.
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Figure 3.53 shows vertical-plane radiation patterns in the directions off the ends of a horizontal half-wave dipole for various antenna heights. These patterns are scaled so they may be compared directly to those for the appropriate heights in Figure 3.46. Note that the perfect-earth patterns in Figures 3.52A and 3.52B are the same as those in the upper part of Figure 3.51. Note also that the perfect-earth patterns of Figures 3.47B and 3.52D are the same as those in the lower section of Figure 3.51. The reduction in field strength off the ends of the wire at the lower angles, as compared with the broadside field strength, is quite apparent. It is also clear from Figure 3.53 that, at some heights, the high-angle radiation off the ends is nearly as great as the broadside radiation, making the antenna essentially an omnidirectional radiator.
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In vertical planes making some intermediate angle between 0° and 90° with the wire axis, the pattern will have a shape intermediate between the broadside and end-on patterns. By visualizing a smooth transition from the end-on pattern to the broadside pattern as the horizontal angle is varied from 0° to 90°, a fairly good mental picture of the actual solid pattern may be formed. An example is shown in Figure 3.54. At A, the elevation-plane pattern of a half-wave dipole at a height of l/2 is shown through a plane 45° away from the favored direction of the antenna. At B and C, the pattern of the same antenna is shown at heights of 3l/4 and 1l (through the same 45° off-axis plane). These patterns are scaled so they may be compared directly with the broadside and end-on patterns for the same antenna (at the appropriate heights) in Figures 3.53 and 3.54.
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The curves presented in Figure 3.55 are useful for determining heights of horizontal antennas that give either maximum or minimum reinforcement at any desired wave angle. For instance, if you want to place an antenna at a height so that it will have a null at 30°, the antenna should be placed where a broken line crosses the 30° line on the horizontal scale. There are two heights (up to 2 l) that will yield this null angle: 1 l and 2 l.
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As a second example, you may want to have the ground reflection give maximum reinforcement of the direct ray from a horizontal antenna at a 20° elevation angle. The antenna height should be 0.75 l. The same height will give a null at 42° and a second lobe at 90°.

Figure 3.55 is also useful for visualizing the vertical pattern of a horizontal antenna. For example, if an antenna is erected at 1.25 l, it will have major lobes (solid-line crossings) at 12° and 37°, as well as at 90° (the zenith). The nulls in this pattern (dashed-line crossings) will appear at 24° and 53°.

The Y-axis in Figure 3.55 plots the wave angle versus the height in wavelength above flat ground on the X-axis. Figure 3.55 doesn’t show the elevation angles required for actual communications to various target geographic locations of interest. The Radio Wave Propagation chapter and this book’s online material information give details about the range of angles required for target locations around the world. It is very useful to overlay plots of these angles together with the elevation pattern for horizontally polarized antennas at various heights above flat ground. This will be demonstrated in detail later in the HF Antenna System Design chapter.

Vertically Polarized Antennas

In the case of a vertical l/2 dipole or a ground-plane antenna, the horizontal directional pattern is simply a circle at any elevation angle (although the actual field strength will vary, at the different elevation angles, with the height above ground). Hence, one vertical pattern is sufficient to give complete information (for a given antenna height) about the antenna in any direction with respect to the wire. A series of such patterns for various heights is given in Figure 3.56. Rotating the plane pattern about the zenith axis of the graph forms the three-dimensional radiation pattern in each case.
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The solid-line curves represent the radiation patterns of the l/2 vertical dipole at different feed point heights over perfectly conducting ground. The shaded curves in Figure 3.56 show the patterns produced by the same antennas at the same heights over average ground (G = 0.005 S/m, k = 13) at 14 MHz. The PBA in this case is 14.8°.

In short, far-field losses for vertically polarized antennas are highly dependent on the conductivity and dielectric constant of the earth around the antenna, extending far beyond the ends of any radials used to complete the ground return for the near field. Putting more radials out around the antenna may well decrease ground-return losses in the reactive near field for a vertical monopole, but will not increase radiation at low elevation launch angles in the far field, unless the radials can extend perhaps 100 wavelengths in all directions! Aside from moving to the fabled “salt water swamp on a high hill,” there is very little that someone can do to change the character of the ground that affects the far-field pattern of a real vertical. Classical texts on verticals often show elevation patterns computed over an “infinitely wide, infinitely conducting ground plane.” Real ground, with finite conductivity and less than perfect dielectric constant, can severely curtail the low-angle radiation at which verticals are supposed to excel.

While real verticals over real ground are not a sure-fire method to achieve low-angle radiation, cost versus performance and ease of installation are still attributes that can highly recommend verticals to knowledgeable builders. Practical installations for 160 and 80 meters rarely allow amateurs to put up horizontal antenna high enough to radiate effectively at low elevation angles. After all, a half-wave on 1.8 MHz is 273 feet high, and even at such a lofty height the peak radiation for a horizontal antenna would be at a 30° elevation angle, which is higher than desired for long-distance communication. A simple ground-mounted vertical with a reasonable radial field will almost always give much better results in this case.

3.4 Ground Parameters for Antenna Analysis

The first part of this section is taken from an article of the same title in The ARRL Antenna Compendium, Vol. 5 by R. P. Haviland, W4MB. The sections on direct and indirect soil measurements have been updated by R. Severns, N6LF.

In the past, amateurs paid very little attention to the characteristics of the earth (ground) associated with their antennas. There are two reasons for this. First, these characteristics were not easy to measure. Second, most hams have to put up with what they have! Further, the ground is not a dominant factor for horizontally polarized antennas such as a tri-band Yagi at 40 feet or higher, or a 2-meter vertical at roof height. For vertically polarized antennas, however, the soil characteristics are very important for the design of ground systems, predictions of efficiency, and elevation radiation patterns. Ground data is useful for antennas mounted at low heights generally, and for such specialized ones as Beverage receiving antennas. The performance of such antennas changes significantly as the ground changes.

3.4.1 Importance of Ground Parameters

As an example of why ground parameters can be important, we can look at some values for ground wave attenuation with distance. At 10 MHz, CCIR Recommendation 368 (see Bibliography), gives the distance at which the signal is calculated to drop 10 dB below its free-space level as shown in Table 3.6.
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Inter-island work in the Caribbean on 40 and 80 meters is easy, whereas 40-meter ground-wave contact is difficult for much of the USA, because of much lower ground conductivity. On the other hand, a Beverage receiving antenna depends on poor ground conductivity to work well.

Figure 3.57 shows a typical set of expected propagation curves for vertically polarized signals over a range of frequencies. This data is also from CCIR Recommendation 368 for relatively poor ground, with a dielectric constant of 4 and a conductivity of 3 mS/m (one milliSiemens/meter is 0.001 mho/meter). The same data is available in the Radio Propagation Handbook. There are equivalent FCC curves, found in the book Reference Data for Radio Engineers, but only the ones near 160 meters are useful. In Florida the author has difficulty hearing stations across town on ground wave, an indication of the poor soil conditions — reflected sky-wave signals are often stronger.
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3.4.2 Securing Ground Data

There are two basic ways to approach this matter of ground data. One is to use generic ground data typical to the area. The second is to make direct measurements, which, with the introduction of moderately priced vector network analyzers (VNA), has become much easier. The easiest approach may be a combination of techniques — make some simple measurements using the low frequency conductivity procedure outlined below and then combine this with the generic data to make a better estimate. For 2,200 and 630 meters the 50/60 Hz conductivity is usually adequate. For 160 meters and higher amateur bands, a more sophisticated measurement yielding both conductivity (σ) and dielectric constant (εr) (also referred to as the relative permittivity) can be helpful. The simple approach of only measuring the LF conductivity may not be highly accurate for HF antennas but will still be much better than simply inserting some arbitrary preset values into an analysis program. Having a good set of values to plug into an analysis can be of great help in evaluating the true worth of a new antenna project, especially if the antenna is horizontally polarized.

GENERIC DATA

In connection with its licensing procedure for broadcast stations, the FCC has published generic data for the entire country. This map was presented earlier as Figure 3.2, showing the “estimated effective ground conductivity in the United States.” A range of 30:1 is shown, from 1 to 30 mS/m. An equivalent chart for Canada has been prepared, originally by DOT, now DOC.

Of course, some judgment is needed when trying to use this data for your location. Broadcast stations are likely to be in open areas, so the data should not be assumed to apply to the center of a city. And a low site near the sea is likely to have better conductivity than the generic chart. Other than such factors, this chart gives a good first value and a useful cross-check if some other method is used.

Still another FCC-induced data source is the license application of your local broadcast station. This includes calculated and measured coverage data. This may include specific ground data, or comparison of the coverage curves with the CCIR or FCC data to give the estimated ground conductivity. Another set of curves for ground conditions are those prepared by SRI (see References). These give the conductivity and dielectric constant versus frequency for typical terrain conditions. These are reproduced as Figures 3.58 and 3.59. By inspecting your own site, you may select the curve most appropriate to your terrain. The curves are based on measurements at a number of sites across the USA and are averages of the measured values.
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Figures 3.60 through 3.62 are data derived from these measurements. Figure 3.60 gives the ground-dissipation factor. Sea water has low loss (a high dissipation factor), while soil in the desert or in the city is very lossy, with a low dissipation factor. Figure 3.61 gives the skin depth, the distance for the signal to decease to 63% of its value at the surface. Penetration is low in high-conductivity areas and deep in low-conductivity soil. Finally, Figure 3.62 shows the wavelength in the earth. For example, at 10 meters (30 MHz), the wavelength in sea water is less than 0.3 meters. Even in the desert, the wavelength has been reduced to about 6 meters at this frequency. This is one reason why buried antennas have peculiar properties. Lacking other data, it is suggested that the values of Figure 3.58 and 3.59 be used in computer antenna modeling programs.
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MEASURING GROUND CONDITIONS

M.C. Waltz, W2FNQ developed a simple technique to measure low-frequency soil conductivity, which has been used by Jerry Sevick, W2FMI. The test setup is drawn in Figure 3.63 and uses a very old technique of 4-terminal resistivity measurements. For probes of 9/16-inch diameter (a standard grounding rod size), spaced 18 inches and penetrating 12 inches into the earth, the conductivity is:

[image: ]

G = 21 V1/V2 mS/m (12)

The voltages are conveniently measured by a digital voltmeter, to an accuracy of about 2%. In soil suitable for farming, the probes can be copper or aluminum. The strength of iron or Copperweld may be needed in hard soils. A piece of 2 × 6 inch or 4 × 4 inch lumber with guide holes drilled through it will help maintain proper spacing and vertical alignment of the probes, greatly speeding up the measurement process. Use care when measuring — there is a potential shock hazard! An isolating transformer with a 24 V secondary should be used instead of 120 V directly to reduce the danger. Ground conditions vary quite widely over even small areas. It is best to make a number of measurements around the area of the antenna and average the measured values.

While this measurement gives only the low-frequency conductivity, it can be used to select curves in Figure 3.64 to give an estimate of the conductivity for the common ham bands. Assume that the 50/60 Hz value is valid at 2 MHz and find the correct value on the left axis. Move parallel to the curves on the figure to develop the estimated curve for other soil conditions. This will give a value for conductivity which is a bit low but still very helpful.
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A small additional refinement is possible. If the dielectric constant from Figure 3.65 is plotted against the conductivity from Figure 3.64 for a given frequency, a scatter plot develops, showing a trend to higher dielectric constant as conductivity increases which is mostly due to variations in moisture content. As the moisture content increases both conductivity and relative dielectric constant increase. At 14 MHz, the relation is:
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	[image: ]	(13)


where k is the dielectric constant and G is the measured conductivity. Using these values in MININEC or NEC calculations should give better estimates than countrywide average values.

DIRECT MEASUREMENT OF GROUND PROPERTIES

More reliable values for both the conductivity and εr can be obtained from a direct measurement at the operating frequency using a soil probe and a vector network analyzer (VNA). This is particularly important at HF where the value for εr is as important as the conductivity. A probe is inserted into the soil and the impedance (Z=R+jX) measured at the probe terminals. Values for conductivity and εr can then be calculated using the measured impedances.

Examples of amateur-made probes are shown in Figure 3.64 and 3.65. The probe rods can be aluminum, brass or even steel, the choice makes little difference in the measurement. A short length of clothesline can be placed around the horizontal handle before inserting the probe into the soil, making it much easier to extract the probe when measurements are complete.

The monoprobe shown in Figure 3.58 is inserted into the soil through a hole in a conducting sheet which can be a 36 × 36 inch galvanized mesh as shown in Figure 3.66. Z is measured between the probe and the mesh as shown in Figure 3.67.
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The open-wire line (OWL) probe and technique are described in George Hagn’s article and Severn’s Nov/Dec 2006 QEX article).1, 22 This was the technique used by Hagn to se-cure the data for Figures 3.58 through 3.62. Examples of homemade OWL probes are shown in Figure 3.65A and B. Figure 3.68 shows the OWL impedance measurement setup. A coaxial common-mode choke can be used to isolate the balanced probe terminals from an unbalanced measuring instrument. (See the Transmission Line System Techniques chapter for examples of chokes.)
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Some care must be taken while making OWL probe impedance measurements because the measured values for Z are very sensitive to stray capacitance between the VNA-plus-connecting cable to ground. An example of isolation using a choke is shown in Figure 3.68. Murata series 5000 common-mode chokes are a good choice for a choke and inexpensive. Another option is to use one of the surface mount RF signal transformers like the Coilcraft SWB series. Another alternative, also shown in Figure 3.68, is to use an isolated battery powered VNA supported above the soil surface.

As shown in Figures 3.8 and 3.62, the wavelength in soil at a given frequency will be much shorter than in air. This means the self-resonant frequency of the probe will be much lower in frequency than it would be in air. Probe self-resonance greatly complicates the derivation of soil characteristics from impedance measurements. At frequencies up to about 4 MHz however, a 12” – 24” probe will be electrically short enough to allowing us to model the probe as simple capacitors and use simple algebra to convert Z to soil parameters with sufficient accuracy. At a given frequency (fMHz) where Z = R + jX and the capacitance of the probe in air is Co pF, σ and εr can be calculated from:
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Probe impedances in air will be very high with very little resistive loss, so it is only necessary to measure the capacitance (Co) not the full complex impedance. This can be done with a digital capacitance meter or if one is not available it is possible to estimate the capacitance from the probe dimensions. It should be kept in mind that we are not trying to make 1% measurements.

For an OWL probe:
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For a monoprobe:
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Where D is the center-to-center spacing between probe rods, d is the rod diameter and h is the rod length. D, d, and h have the dimensions of feet. In the case of an OWL probe, D/d is independent of units as long as both are the same.

At higher frequencies we cannot assume the probe is a simple capacitor, it is a length of transmission line buried in a lossy dielectric and much more complex math is required to extract the soil parameters. That math can be challenging but fortunately programs for converting the impedance data from OWL probes to soil parameters is readily available online at ham-radio.com/k6sti and dl1glh.de/groundconductivity.html.

Keep in mind that soil parameters will vary widely with season (rain versus dry) and at different places around the site. Measured values for σ and εr can vary as much as ±20%, reflecting seasonal variations, measurement errors and approximations in the calculations. However, knowing σ and εr within 20% is still a vast improvement over a value from a large-scale regional map!

INDIRECT MEASUREMENT

The following material is a condensed version of the article “Determination of Soil Electrical Characteristics Using a Low Dipole” by R. Severns, N6LF, which is included with this book’s online information.

The direct measurements discussed in the previous section are effective for determining reasonable values for soil characteristics, but the probe technique characterizes the soil in only a relatively small volume at one point in the site. You can get a more general characterization by repeating the measurements at several points spread over the site. This works, but there is another way to get average values over a large area. The terminal impedance and resonant frequency of an antenna will vary with both the height above ground and the electrical characteristics of the soil, it is possible to measure the feed point impedance of a low dipole and, from modeling of the antenna, determine the effective or average characteristics of the soil under the antenna.

The first question is “what height (z) should we use.” Using a dipole with its length adjusted to maintain resonance at 3.7 MHz as the height and ground characteristics are varied, Figure 3.69 illustrates how the feed point resistance, R, varies with height for a range of ground parameter pairs.
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From Figure 3.69 it would appear that any height from 1 foot to 10 feet should give good resolution for determining the appropriate values of σ and εr. It should be noted that it is not necessary for the dipole to be resonant but if the dipole is close to resonance the values for R and X will be within the range of 10 to a few hundred ohms. That range is compatible with typical moderately priced impedance measurement instruments.

Erecting the test dipole can be greatly simplified if standard electric fence wire and insulating hardware are used. Figures 3.70 and 3.71 are photos of a typical test antenna using standard electric fence hardware widely available in hardware and farm stores. #17 AWG aluminum electric fence wire is suspended at 36 inches from 5-foot fiberglass wands driven ≈1 foot deep, with plastic wire clips which slide up/down the wands for height adjustment. The wands were spaced 10 to 20 feet apart and the wire anchored at the ends to steel fence posts 6 to 10 feet away from the ends of the wire. Multiple support points and significant wire tension can keep the droop to less than 0.25 inch. High quality insulators and nonconducting Dacron line were used at the wire ends. Figure 3.64 shows the Budwig center connecter and the common-mode choke or choke balun at the feed point as described in the Transmission Line System Techniques chapter.
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As an example of the procedure, we’ll assume a horizontal center-fed dipole made with #17 AWG aluminum wire at a convenient working height above ground (z) of 36 inches and the availability of antenna modeling software capable of properly calculating the effect of real ground, NEC-4 for example.

After tuning to resonance at 3.5 MHz the length (L) is 131.11 feet. The measured feed point impedance (Z) at 3.5 MHz is 80.26 + j0 Ω. With this information, we determine the values for soil conductivity (σ [S/m]) and relative dielectric constant (εr) at 3.5 MHz. The first step is to create a NEC-4 model with #17 Al wire, L = 131.11 feet and z = 36 inches. Since we do not know the values for σ or εr we’ll have to run the model repeatedly with a range of possible values for σ and εr. If we’re too far off in our choice of values the process will show us and point the way to go! In this case the trial values will be 0.001 < σ < 0.01 [S/m] and 1 < εr < 50 which covers a wide range of typical soils. Running the model repeatedly we can determine Z for a matrix of σ and εr values. A spreadsheet is a good way to keep track as shown in Table 3.7.
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A quick scan of the table shows that for εr > 20 and σ = 0.009 there are no resonances (i.e., Xi transitions from + to –) so we don’t need to graph all the values. Using the spreadsheet we can graph a more restricted data as set shown in Figure 3.72, a graph of R versus X for the feed point impedance (Z = R + jX) with constant σ and εr contours. The solid lines are constant values of σ and the dashed lines constant values of εr.

[image: ]

The measured value of Z for the antenna at 3.5 MHz is 80.26 + j0 Ω. A dot with a label has been placed at that value on the graph. What we see is that our matrix of values has bracketed this value. The σ = 0.005 S/m line passes right through Z. We can also see that Z lies between εr = 10 and εr = 15 lines, with a bias towards εr = 15. Interpolation gives a value for εr ≈ 13. At this point we could repeat the process for multiple values of εr around εr = 13 to refine the answer further but from a practical point of view we’re close enough! σ = 0.005 S/m and εr = 13, which is average soil.
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Chapter 4

Radio Wave Propagation

The function of an antenna is to radiate or receive radio waves which travel or propagate through the Earth’s atmosphere or space. Radio communication is carried out by means of these propagating waves which are key to amateur radio. To communicate effectively by radio, then, it is important to understand the basics of propagation. This allows you to select or design-and-build effective antennas and antenna systems that are well-suited for the types of propagation expected to occur.

This content has been comprehensively updated from previous editions by Carl Luetzelschwab, K9LA, with additional input from Frank Donovan, W3LPL, Ward Silver, NØAX, Ethan Miller, K8GU, and Hermann Schumacher, DF2DR. The section on VHF/UHF mobile propagation was originally contributed by Alan Bloom, N1AL. More detailed discussions and the underlying mathematics of radio propagation physics can be found in the references listed at the end of this chapter.

The material in this chapter is adapted from ARRL’s propagation book, Here to There: Radio Wave Propagation. This chapter focuses on the fundamentals of radio waves and the types of propagation that pertain to antenna selection and design. You can find more about solar behavior and space weather in the ARRL Handbook as well.


4.1 Fundamentals of Radio Wave Propagation

Radio belongs to a family of electromagnetic radiation that includes infrared (radiation heat), visible light, ultraviolet, X-rays, and the even shorter-wavelength gamma and cosmic rays. Radio has the longest wavelength of this group and thus the lowest frequency. See Table 4.1 (See the Antenna Fundamentals chapter for more about electromagnetic waves.)
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Electromagnetic radio waves are composed of an inter-related electric and magnetic field. The electric and magnetic components are oriented at right angles to each other and are also perpendicular to the direction of travel. The polarization of a radio wave is usually designated the same as the orientation of its electric field. This relationship can be visualized in Figure 4.1. Unlike sound waves or ocean waves, electromagnetic waves need no propagating medium, such as air or water. This property enables electromagnetic waves to travel through the vacuum of space.
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A radio wave far enough from its source to appear flat is called a plane wave. From here on, we will be discussing plane waves. The path taken by a plane wave is called a ray. Traced from its source to any point on a spherical surface, such as the Earth, the ray will follow a straight line on an azimuth-equidistant map projection with the source at its center. (See the sidebar Azimuth-Equidistant Maps.)

Optics and Radio Propagation
The four terms reflection, refraction, scatter, and diffraction were terms used in optics long before the radio age began. Radio propagation is nearly always a mix of these phenomena, and it may not be easy to identify or separate them while they are happening when we are on the air. This book tends to rely on the words bending (refraction) and scattering in its discussions, with appropriate modifiers as needed. The important thing to remember is that any alteration of the path taken by energy radiated from an antenna is almost certain to affect on-the-air results


4.1.1 Free-Space Attenuation

Free-space attenuation results from the spherical spreading of radio energy as it travels from its source. See Figure 4.2. Attenuation grows rapidly with distance because signal strength decreases with the square of the distance from the source. (The signal’s field strength in V/m decreases linearly with distance and its power density in W/m2 decreases with the square of the distance.) In free space, if the distance between transmitter and receiver is increased from 1 to 10 kilometers (0.6 to 6 miles), the signal power will be reduced by a factor of 100 (20 dB). Attenuation increases with frequency as well (for example, doubling the frequency results in 6 dB more free-space path loss). Free-space attenuation (path loss) is
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Lfs = 32.45 + 20 log d + 20 log f

where

Lfs = free pace path loss in dB

d = distance in km

f = frequency in MHz

Enhancements (especially at VHF and above) can increase signal strength at the receiver due to multi-path and scattering. Thus, in the real world, the Lfs equation above may not be valid.

4.1.2 Refraction

Electromagnetic waves travel in straight lines until they are deflected by something. Radio waves are refracted, or bent, slightly when traveling from one medium to another. Refraction is the bending of a ray as it passes from one medium to another at an angle. The apparent bending of a pencil partially immersed in a glass of water demonstrates this principle quite dramatically. The mediums should extend much more than one wavelength around the region in which refraction takes place. Radio waves behave no differently from other familiar forms of electromagnetic radiation in this regard.

Refraction is caused by a change in the velocity of a wave when it crosses the boundary between one propagating medium and another. If this transition is made at an angle, one portion of the wavefront slows down (or speeds up) before the other, thus bending the wave slightly. This is shown schematically in Figure 4.3.
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Azimuth-Equidistant Maps
We can better understand several aspects of long-distance propagation if you become accustomed to thinking of the Earth as a ball. This is easy if you use a globe frequently. A flat map of the world, of the azimuthal-equidistant projection type, is a useful substitute.
Also known as great circle maps, these are a projection of the Earth’s surface that make all great circle paths straight lines from a given location, which is at the center of the map. The outer perimeter of the map is usually 20,000 kilometers (12,427 miles or halfway around the world), but some mapping programs allow other distances.
An azimuth-equidistant map centered on Newington, Connecticut, is shown in Figure 4.A. NS6T provides an online service at ns6t.net/azimuth/azimuth.html to generate these maps centered on any location. The ARRL World Map is an azimuth-equidistant map centered on Wichita, Kansas. The program DX Atlas by VE3NEA dxatlas.com) also presents azimuth-equidistant maps, and it offers the option of adding the terminator (the gray line), the auroral oval and ionospheric parameters.
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The amount of bending increases with the ratio of the refractive indexes of the two media. The refractive index, n, is simply the velocity of a radio wave in free space divided by its velocity in the medium.

Radio waves are commonly refracted when they travel through different regions of the atmosphere, whether the highly charged ionospheric regions roughly 100 kilometers (60 miles) above the ground and higher, or the weather-sensitive area near the Earth’s surface. There is slight atmospheric bending in our HF bands. It becomes noticeable at 28 MHz, more so at 50 MHz, and it is much more of a factor in the higher VHF range and in UHF and microwave propagation.

4.1.3 Reflection

Reflection occurs at any boundary between materials of differing dielectric constant when the extent of the materials is on the order of at least one wavelength at the frequency considered. (The surface should extend at least one wavelength from the point at which reflection takes place.) Familiar examples with light are reflections from water surfaces and windowpanes. Both water and glass are transparent for light, but their dielectric constants are very different from that of air. Light waves, being very short, seem to bounce off both surfaces. Radio waves, being much longer, are practically unaffected by glass, but will be at least partially reflected by a large body of conductive material such as soil or water.

The degree of bending of radio waves at boundaries between air masses which have different indexes of refraction increases with the radio frequency. When the ratio of the refractive indexes of two media is great enough, radio waves can be reflected, just like light waves striking a mirror.

At amateur frequencies above 30 MHz, reflections from a variety of large objects, such as water towers, buildings, airplanes, mountains, and the like, can provide a useful means of extending over-the-horizon paths by several hundred kilometers. Two stations need only beam toward a common reflector, whether stationary or moving. A metal surface works well as a reflector if it is several wavelengths in diameter.

Maximum range is limited by the radio line-of-sight distance of both stations to the reflector and by reflector size and shape. The reflectors must be many wavelengths in size and ideally have flat surfaces. Large airplanes make fair reflectors and may provide the best opportunity for long-distance contacts. The calculated limit for airplane reflections is 900 kilometers (560 miles), assuming the largest jets fly no higher than 12,000 meters (40,000 feet), but actual airplane reflection contacts are likely to be considerably shorter.

Reflections from the ionosphere can occur when the plasma frequency (which is proportional to the square root of electron density) is much, much greater than the operating frequency. A good example is sporadic E propagation since it occurs from a very thin layer (a couple kilometers) that isn’t thick enough to return signals to Earth via refraction.

In material of a given electrical conductivity, long waves penetrate deeper than short ones, and so require a thicker conductive region for good reflection. Thin metal, which is highly conductive, is a good reflector of even long-wavelength radio waves. The Earth is a rather lossy reflector of radio signals. With poorer conductors, such as the Earth’s crust, long waves may penetrate quite a few feet below the surface. Soil conductivity ranging from poor (sand and rock) to high (wet, rich soil) affects reflection. Water will also reflect radio waves depending on its conductivity. Distilled water is an insulator but salt- and brackish water have high conductivity. The polarization of the reflected wave also affects reflection losses.

4.1.4 Scattering

The direction of radio waves can also be altered through scattering. Scatter is the redirection of an electromagnetic wave in many directions from a medium when the volume of material from which the scattering takes place is much smaller than one wavelength at the frequency being considered. Scattering results in additional loss.

The effect seen by a beam of light attempting to penetrate fog is a good example of light-wave scattering. Even on a clear night, a highly directional searchlight is visible due to a small amount of atmospheric scattering perpendicular to the beam. Radio waves are similarly scattered when they encounter randomly arranged objects of wavelength size or smaller, such as masses of electrons or water droplets. When the density of scattering objects becomes great enough, they behave more like a propagating medium with a characteristic refractive index.

4.1.5 Knife-Edge Diffraction

Radio waves can also pass behind solid objects with sharp upper edges, such as a mountain range, by knife-edge diffraction. This is a common natural phenomenon that affects light, sound, radio and other coherent waves, but it is difficult to comprehend. Figure 4.4 depicts radio signals approaching an idealized knife-edge. The portion of the radio waves that strike the base of the knife-edge is entirely blocked, while that portion passing several wavelengths above the edge travel on relatively unaffected. It might seem at first glance that a knife-edge as large as a mountain, for example, would completely prevent radio signals from appearing on the other side but that is not quite true. Something quite unexpected happens to radio signals that pass just over a knife-edge.
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Normally, radio signals along a wave front interfere with each other continuously as they propagate through unobstructed space, but the overall result is a uniformly expanding wave. When a portion of the wave front is blocked by a knife-edge, the resulting interference pattern is no longer uniform. This can be understood by visualizing the radio signals right at the knife-edge as if they constituted a new and separate transmitting point, but in-phase with the source wave at that point. The signals adjacent to the knife-edge still interact with signals passing above the edge, but they cannot interact with signals that have been obstructed below the edge. The resulting interference pattern no longer creates a uniformly expanding wave front, but rather appears as a pattern of alternating strong and weak bands of waves that spread in a nearly 180° arc behind the knife-edge.

The crest of a range of hills or mountains 50 to 100 wavelengths long can produce knife-edge diffraction at UHF and microwave frequencies. Hillcrests that are clearly defined and free of trees, buildings and other clutter make the best knife-edges, but even rounded hills may serve as a diffracting edge. Alternating bands of strong and weak signals, corresponding to the interference pattern, will appear on the surface of the Earth behind the mountain, known as the shadow zone. The phenomenon is generally reciprocal, so that two-way communication can be established under optimal conditions. Knife-edge diffraction can make it possible to complete paths of 100 kilometers or more that might otherwise be entirely obstructed by mountains or seemingly impossible terrain.

4.1.6 Surface Wave

In general, an electromagnetic surface wave travels along an interface between two media with different dielectric constants or refractive indexes. At HF and lower frequencies, the most common type of surface wave travels along the surface of the Earth and is one aspect of what amateurs refer to as “ground wave” as discussed in the next section.

Surface waves can also travel along an interface between media with two different dielectric constants such as layers of air with different temperatures and humidity or insulating layers with different dielectric constants. At microwave frequencies, surface waves travel along the interface between a dielectric (such as air or plastic) and a conducting surface, usually metal.

A radio wave could be traveling in contact with the ground as a surface wave. As the frequency is raised, the distance over which surface waves can travel without excessive energy loss becomes smaller and smaller. The surface wave can provide coverage up to about 100 miles in the standard AM broadcast band during the daytime, but attenuation is high.

Power from a surface wave is typically not transferred to either medium. The wave’s E and H fields become weaker exponentially with perpendicular distance from the interface. This property is called evanescence. If one or both of the mediums are lossy or leaky, some power can be transferred from the surface wave, and it will become weaker with increasing distance traveled along the interface.

4.1.7 Ground Wave

Ground wave propagation includes two types of radio wave propagation. One type is surface waves (as discussed above) that travel along the Earth’s surface. The second is diffracted waves that are bent around the curvature of the Earth by a special form of diffraction that primarily affects longer-wavelength, vertically polarized radio waves.

Ground wave propagation is most apparent in the 3.5 MHz (80 meter), 1.8 MHz (160 meter), 475 kHz (630 meter), and 137 kHz (2200-meter) amateur bands, where practical ground wave distances may extend beyond 200 kilometers (120 miles). It is also the primary mechanism used by AM broadcast stations in the medium-wave bands. The term ground wave is often mistakenly applied to any short-distance communication, but the actual mechanism is unique to the longer-wave bands.

Ground wave is most useful during the day at 1.8 and 3.5 MHz, when D region absorption makes skywave propagation more difficult. Vertically polarized antennas with excellent ground systems provide the best results. Ground wave losses are reduced considerably over saltwater and are highest over dry and rocky land. As can be seen from Figure 4.5, the range increases with decreasing frequency. The results in this figure are for a typical 100-watt station using a vertical over average ground in a rural noise environment. Your results will vary depending on your power level, antenna, ground conditions, and local noise level.
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Radio waves are bent slightly as they pass over a sharp edge, but the effect extends to edges that are considerably rounded. At medium and long wavelengths, the curvature of the Earth looks like a rounded edge. Bending results when the lower part of the wave front loses energy due to currents induced in the ground. This slows down the lower part of the wave, causing the entire wave to tilt forward slightly. This tilting follows the curvature of the Earth, thus allowing low- and medium wave radio signals to propagate over distances well beyond line of sight.

The better the station in terms of external noise level, antenna gain, and transmit output power, the greater the surface wave range. Vertically polarized antennas are preferred, which tends to limit amateur surface-wave communication to the bands and installations for which large vertical antennas can be erected.

4.1.8 The Space or Direct Wave

Propagation between two antennas situated within line of sight of each other is shown in Figure 4.6. Energy traveling directly between the antennas is attenuated to about the same degree as in free space. Unless the antennas are very high or quite close together, an appreciable portion of the energy is reflected from the ground. This reflected wave combines with direct radiation to affect the actual signal received.
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In most communication between two stations on the ground, the angle at which the wave strikes the ground will be small. For a horizontally polarized signal, such a reflection reverses the phase of the wave. If the distances traveled by both parts of the wave were the same, the two parts would arrive out of phase, and would therefore cancel each other. The ground-reflected ray in Figure 4.6 must travel a little farther, so the phase difference between the two depends on the lengths of the paths, measured in wavelengths. The wavelength in use is important in determining the useful signal strength in this type of communication. Let’s analyze an example of why the wavelength in use is important.

If the difference in path length is 3 meters, the phase difference with 160 meter waves would be only 360° × 3/160 = 6.8°. This is a negligible difference from the 180° shift caused by the reflection, so the effective signal strength over the path would still be very small because of cancellation of the two waves. But with 6-meter radio waves the phase length would be 360° × 3/6 = 180°. With the additional 180° shift on reflection, the two rays would add. Thus, the space wave is a negligible factor at low frequencies, but it can be increasingly useful as the frequency is raised. It is a dominant factor in local amateur communication at 50 MHz and higher.

Interaction between the direct and reflected waves is the principal cause of mobile flutter observed in local VHF communication between fixed and mobile stations. The flutter effect decreases once the stations are separated enough so that the reflected ray becomes inconsequential. The reflected energy can also confuse the results of field-strength measurements during tests on VHF antennas.

As with most propagation explanations, the space-wave picture presented here is simplified, and practical considerations dictate modifications. There is always some energy loss when the wave is reflected from the ground. Further, the phase of the ground-reflected wave is not shifted exactly 180°, so the waves never cancel completely. At UHF, ground-reflection losses can be greatly reduced or eliminated by using highly directive antennas. By confining the antenna pattern to something approaching a flashlight beam, nearly all the energy is in the direct wave. The resulting energy loss is low enough that microwave relays, for example, can operate with moderate power levels over many miles. Thus, we see that, while the space wave is inconsequential below about 20 MHz, it can be a prime asset in the VHF realm and higher.

4.1.9 Polarization

ANTENNA POLARIZATION SELECTION

If effective communication over long distances were the only consideration, we might be concerned mainly with radiation of energy at the lowest possible angle above the horizon. As an example, our 1.8 and 3.5 MHz bands are well-suited for short-distance communication because they serve that purpose with antennas that are not difficult or expensive to put up. Out to a few hundred miles, simple wire antennas for these bands do well, even though their radiation is mostly at high angles above the horizon. (See the section on NVIS Communication.) Vertical antenna systems are generally better for long-distance use on these frequencies although they require extensive ground systems for good performance.

Horizontal antennas that radiate well at low angles are most easily erected for 7 MHz and higher frequencies — horizontal wires and arrays are almost standard practice for work on 7 through 29.7 MHz. Vertical antennas, such as a single omnidirectional antenna of multiband design, are also used in this frequency range. An antenna of this type may be a good solution to the space problem for a city dweller on a small lot, or even for the resident of an apartment building.

High-gain antennas are almost always used at 50 MHz and higher frequencies, and most of them are horizontal. The principal exception is mobile communication with FM through repeaters. The height question is answered easily for VHF enthusiasts — the higher the better.

The theoretical and practical effects of height above ground at HF are treated in detail in the chapter Effects of Ground in this book. Note that it is the electrical height in wavelengths that is important — a good reason to think in the metric system, rather than in feet and inches, since our bands are generally referred to in terms of meters.

In working locally on any amateur frequency band, best results will be obtained with the same polarization at both stations, except on rare occasions when polarization rotation is caused by terrain obstructions or reflections from buildings. Where such a shift is observed, mostly above 100 MHz or so, horizontal polarization tends to work better than vertical. This condition is found primarily on short paths, so it is not too important.

THE ELECTRON GYRO-FREQUENCY

On 1.8 MHz two interesting effects occur because the operating frequency is close to the ionosphere’s electron gyro-frequency. (The gyro-frequency is the frequency at which an electron will spiral around a particular magnetic field line.) Waves entering the ionosphere split into an extraordinary (X) and ordinary (O) wave which propagate somewhat differently as discussed in the section Propagation Below 1.8 MHz. First, the extraordinary wave suffers significantly higher absorption than the ordinary wave, so for all intents and purposes only one characteristic wave propagates on 160 meters. Second, the ordinary wave is highly elliptical, approaching linear polarization. For stations at mid to high northern latitudes, vertical polarization couples the most energy into the ordinary wave — thus vertical polarization is generally the best way to go on 160 meters. But other effects, like disturbances to propagation or high angle modes, sometimes dictate horizontal polarization. This is the origin of the oft-repeated statement on 160 meters that “you can’t have enough antennas on Top Band.”

4.2 Skywave or Ionospheric Propagation

The Earth’s atmosphere, which reaches to more than 600 kilometers (370 miles) altitude, is usually divided into a number of regions based on a transitioning characteristic of the atmosphere — like temperature. For propagation purposes, the important regions are shown in Figure 4.7. The weather-producing troposphere lies between the surface and an average altitude of 10 kilometers (6 miles). Between 10 and 50 kilometers (6 and 30 miles) are the stratosphere and the embedded ozonosphere, where ultraviolet-absorbing ozone reaches its highest concentrations. About 99% of atmospheric gases are contained within these two lowest regions.
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Above 50 kilometers to about 600 kilometers (370 miles) is the ionosphere, notable for its effects on radio propagation. At these altitudes, atomic oxygen, molecular oxygen, molecular nitrogen, and nitric oxide predominate under very low pressure and are the important species to consider for propagation. High-energy solar EUV and X-ray radiation ionize these constituents, creating a broad region where ions are created in relative abundance. The ionosphere is subdivided into distinctive D, E, and F regions.

4.2.1 Structure of the Geomagnetic Field

The north and south magnetic poles are the points on the surface of Earth at which the planet’s magnetic field points vertically downward for the north pole and vertically upward for the south pole. In other words, if a magnetic compass needle is allowed to rotate in three dimensions, it will point straight down at the north magnetic pole and straight up at the south magnetic pole. There is only one location in each hemisphere where this occurs, near (but distinct from) the geographic north and south poles.

Related to the magnetic poles are the geomagnetic poles. These are the poles of an ideal dipole model of the Earth’s magnetic field that most closely fits the Earth’s actual magnetic field. The geomagnetic poles are the centers of the auroral ovals. Figure 4.8 shows the location of the north magnetic pole and how it has drifted much more than the geomagnetic north pole over the years. The figure also shows how the location of the north geomagnetic pole has drifted very little during the same period.
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GEOMAGNETIC EQUATOR

The geomagnetic equator is the great circle of the Earth whose plane is perpendicular to the axis of the geomagnetic field. Figure 4.9 shows the geomagnetic equator (the dashed line) on a Mercator projection of Earth as of 1990. The geomagnetic equator is important for trans-equatorial propagation (TEP) and will be discussed later. This is also called the magnetic dip equator.
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4.2.2 The Ionosphere

The ionosphere plays a basic role in long-distance communications in all the amateur bands from 1.8 MHz to 50 MHz. The effects of the ionosphere are less apparent at the very high frequencies (30 – 300 MHz), but they persist for terrestrial communications at least through 432 MHz. The basic physics of ionospheric propagation was largely worked out by the 1930s, yet both amateur and professional experimenters made further discoveries throughout the 1930s, 1940s, and 1950s, and continue to make important new discoveries to this day. Sporadic E, aurora, trans-equatorial, meteor scatter, and several types of field-aligned scattering were among many additional ionospheric phenomena that required explanation and are still not fully understood.

REGION VERSUS LAYER

The commonly used term “layer” could lead to the erroneous assumption that the ionosphere consists of distinct thin sheets separated by emptiness in between. This is not so. The ionosphere is a continuous electronic density versus altitude, with definite peaks and inflection points that define the D, E, F1, and F2 regions. (F1 and F2 are often labeled F1 and F2 — this chapter will use the subscripted version. These notations are equivalent and refer to the same region.) Studies have shown that the height of the various regions may also vary by latitude. On-going ionospheric physics research seeks to better understand the geographic and day-to-day variability of the ionosphere.

4.2.3 Ionospheric Refraction

The degree of bending (refraction) of a wave path in an ionized region depends on the density of the ionization and the length of the wave (inversely related to the square of its frequency). The bending at any given frequency or wavelength will increase with increased ionization density and will bend away from the region of most-intense ionization. For a given ionization density, bending increases with longer wavelengths (that is, bending decreases with higher frequencies).

VIRTUAL HEIGHT

Although refraction is the primary mechanism of ionospheric propagation, it is usually more convenient to think of the process as a reflection. The virtual height of an ionospheric region is the equivalent altitude of a reflection that would produce the same effect as the actual refraction. The virtual height of any ionospheric region can be determined using an ionospheric sounder, or ionosonde, a sort of vertically oriented radar. The ionosonde sends pulses that sweep over a wide frequency range, generally from 2 MHz to 20 MHz or higher, straight up into the ionosphere. The frequencies of any echoes are recorded against time and then plotted as distance on an ionogram. Figure 4.10 depicts a simple vertical incidence ionogram. (Ionospheric sounding is described in the following sections.)

[image: ]

CRITICAL FREQUENCY

The highest frequency that returns signals from the E and F regions at vertical incidence is known as the vertical incidence or critical frequency. When the frequency of a vertically incident signal is raised above the critical frequency of an ionospheric region, that portion of the ionosphere is unable to refract the signal back to Earth.

The critical frequency is a function of ion density. The higher the ionization at a particular altitude, the higher becomes the critical frequency. Strictly speaking, the critical frequency is the term applicable to the peak electron density of a region. Physicists relate any electron density in any part of the ionosphere to a plasma frequency, because technically gases in the ionosphere are in a plasma, or partially ionized state. F region critical frequencies commonly range from about 1 MHz and occasionally reach as high as 15 MHz during periods of intense ionization.

4.2.4 Faraday Rotation

Magnetic and electrical forces rotate the polarization of radio waves passing through the ionosphere. For example, signals that leave the Earth as horizontally polarized and return after a reflection from the Moon rarely arrive with the same polarization. Additional path loss can occur when polarization is shifted by 90 degrees, resulting in fading of the received signal.

Faraday rotation is difficult to predict and its effects change over time and with operating frequency. At 144 MHz, the polarization of space waves may shift back into alignment with the antenna within a few minutes. Often, just waiting can solve the Faraday rotation problem. At 432 MHz, it may take half an hour or longer for the polarization to become realigned. Use of circular polarization completely eliminates this problem but creates a new problem for EME paths. The sense of circularly polarized signals is reversed with reflection, so two complete antenna systems are normally required, one with left-hand polarization and one with right-hand polarization. As a result, circularly polarized antennas are not commonly used for amateur EME communications.

4.2.5 Maximum and Lowest Usable Frequencies

A signal entering an ionospheric region above its critical frequency will not be reflected and may be lost to space. However, a signal above the critical frequency may be returned to Earth if it enters the region at an oblique angle, rather than at vertical incidence. This is fortunate because it permits two widely separated stations to communicate on significantly higher frequencies than the critical frequency. See Figure 4.11. This creates skip propagation in which the signal travels from the Earth, into the ionosphere, and back to the Earth where it can be received.
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Lower frequency signals can be returned to Earth at higher incident angles whereas a higher frequency signal at the same angle will not. The higher frequency signal will need to enter the ionosphere at a lower angle if it is to be returned to Earth. The lower angle also means it will be returned to Earth at a more distant point. The combination of ionization, angle of incidence, and fixed station locations creates ranges of frequencies for which communication is possible. This is discussed in the following sections.

MAXIMUM USABLE FREQUENCY (MUF)

The highest frequency supported by the ionosphere for reliable communications between two stations is the maximum usable frequency (MUF) for that path. If the separation between the stations is increased, a still higher frequency can be supported at lower launch angles. The MUF for this longer path is higher than the MUF for the shorter path because more refraction can occur for radio waves that encounter the ionosphere at more oblique angles. When the distance is increased to the maximum one-hop distance, the launch angle of the signals between the two stations is zero (that is, the ray path is tangential to the Earth at the two stations) and the MUF for this path is the highest that can be supported by that region of the ionosphere at that location, although antennas producing adequate radiation at very low angles may not be feasible at many locations. This maximum distance is about 4,000 kilometers (2,500 miles) for the F2 region and about 2,000 kilometers (1,250 miles) for the E region. See Figure 4.12. This is illustrated more completely in Figure 4.13 which gives maximum single-hop distances for E and F region propagation at various wave angles.
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The MUF is a function of path, time of day, season, location, solar UV and X-ray radiation levels and ionospheric disturbances. For vertically incident waves, the MUF is the same as the critical frequency. The seasonal variation of the MUF is due to the ratio of atomic oxygen to molecular nitrogen (O/N2) in the atmosphere. Atomic oxygen is critical for electron production, whereas molecular nitrogen is critical for the recombination of electrons and ions. During the winter months in the northern hemisphere, the ratio of O/N2 is higher, resulting in higher daytime MUFs.

Precisely speaking, a maximum usable frequency or MUF is defined for communication between two specific points on the Earth’s surface, for the conditions existing at the time, including the minimum elevation angle that the station can launch at the frequency in use. (This practical form of MUF is sometimes called the operational MUF). At the same time and for the same conditions, the MUF from either of these two points to a third point may be different.

Therefore, the MUF cannot be expressed broadly as a single frequency, even for any given location at a particular time. The ionosphere is never uniform, and in fact at a given time and for a fixed distance, the MUF changes significantly with changes in compass direction for almost any point on the Earth. Under usual conditions, the MUF will always be highest in the direction toward the Sun — to the east in the morning, to the south at noon (from northern latitudes), and to the west in the afternoon and evening.

While vertical-incidence critical frequencies from ionosondes are interesting from a scientific point of view, hams are far more concerned about how we can exploit propagation conditions to communicate, preferably at long distances. The MUF for a 4,000-kilometer (2,500 mile) distance using the F2 region is about 3.5 times the vertical-incidence critical foF2 frequency existing at the path midpoint. For one-hop signals, if a uniform ionosphere is assumed, the MUF decreases with shorter distances along the path. This is true because the higher-frequency waves must be launched at higher elevation angles for shorter ranges, and at these launch angles they are not bent sufficiently to reach the Earth. Thus, a lower frequency (where more bending occurs) must be used.

M FACTOR

It is important to realize that the takeoff angle from an antenna is not the same as the angle-of-incidence to the refracting region of the ionosphere. (See Figure 4.14) The angle of incidence on the ionosphere of a wave launched from the ground depends on the launch angle and the height of the ionospheric region. Due to the spherical geometry of the Earth-ionosphere system, the angle of incidence on the ionosphere does not approach zero as the antenna launch angle approaches zero. As a result, for path lengths at the limit of one-hop propagation, the MUF can be several times the critical frequency.
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The ratio between the MUF and the critical frequency is known as the M-factor. The M-factor can be estimated using simple geometry in a spherical model of the Earth-ionosphere system. As the launch angle approaches zero, the angle of incidence to the ionosphere is limited to approximately 19º and 11º for the F2 and E regions, respectively. This limits the M-factor to approximately 3 and 5 for these two regions (from the equation MUF = 1 / the sine of the angle of incidence on the ionosphere). See Table 4.2 for typical M-factors of the various regions.
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FREQUENCY OF OPTIMUM TRAFFIC (FOT)

Our understanding of the variation of the ionosphere is statistical in nature. Our predictions of the MUF are monthly median values, which imply a 50% probability. To achieve a higher probability, you should move down in frequency until the probability of the path is greater than 50%. Moving down to a frequency that is 0.85 times the monthly median MUF gives a probability of 90%. This lower frequency is the FOT — frequency of optimum traffic. This is illustrated in Figure 4.15.
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LOWEST USEABLE FREQUENCY (LUF)

The MUF at any time on a particular path is just that — the maximum usable frequency. Frequencies below the MUF will also propagate along the path, but ionospheric absorption and noise at the receiving location (due to man-made noise and/or noise from local or distant thunderstorms) may make the received signal-to-noise ratio too low to be usable. This happens because signal absorption increases proportionally to the square of the decrease in frequency. In this case, the frequency is said to be below the lowest usable frequency (LUF). The frequency nearest the point where reception became unusable would be the LUF. This occurs most frequently below 10 MHz, where atmospheric and man-made noises are most troublesome.

The LUF can be lowered somewhat by the use of high power and directive antennas, or through the use of communication modes that permit reduced receiver bandwidth or are less demanding of SNR — CW or PSK31 instead of SSB, for example. Digital modes such as JT65 and FT8 that use coding techniques to reject noise can extend the LUF below what is available to analog modes, as well. This is not true of the MUF, which is limited by the physics of ionospheric refraction, no matter how high your transmitter power or how narrow your receiver bandwidth.

The LUF can be higher than the MUF. When the LUF is higher than the MUF, there is no frequency that supports communication on the particular path at that time.

For example, when solar activity is very high at the peak of a solar cycle, the LUF often rises higher than 14 MHz on the morning Eastern US-to-Europe path on 20 meters. Just before sunrise in the US, the 20-meter band will be first to open to Europe, followed shortly by 15 meters, and then 10 meters as the Sun rises further. By mid-morning, however, when 10 and 15 meters are both wide open, 20 meters will become very marginal to Europe, even when both sides are running maximum legal power levels. By contrast, stations on 10 meters can be worked readily with a transmitter power of only 1 or 2 W, indicating the wide range between the LUF and the MUF.

4.2.6 Skip Zone and Skip Distance

Figure 4.16 shows we can communicate with the point on the Earth labeled “A” (where Wave #3 arrives), but not any closer to our transmitter site. When the critical angle is less than 90° (that is, directly overhead) there will always be a region around the transmitting site where an ionospherically propagated signal cannot be heard or is heard weakly.
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The area between the outer limit of the ground wave range and the inner edge of signals returning from the ionosphere is the skip zone. The outer edge of the skip zone is the distance between the originating site and the beginning of the ionospheric return and is called the skip distance. This terminology should not be confused with ham jargon such as “skip is in,” referring to the fact that a band is open for skywave propagation. Since both skip distance and maximum ground wave distance change with frequency, the size of the skip zone also changes with frequency.

The size of the skip zone is closely related to MUF. When two stations are unable to communicate with each other on a particular frequency because the ionosphere is unable to refract the signal enough from one to the other through the required angle — that is, the operating frequency is above the MUF — the stations are in the skip zone for that frequency. Stations within the skip zone may be able to work each other on a lower frequency, by ground wave, or by other mechanisms if they are close enough. There is no skip zone at frequencies below the MUF for that path. The signal may often be heard to some extent within the skip zone through various forms of scattering (discussed in detail later), but it will ordinarily be marginal in strength. When the skip distance is short, both ground wave and skywave signals may be received near the transmitter. In such instances the skywave frequently is stronger than the ground wave, even as close as a few miles from the transmitter. The ionosphere is an efficient communication medium under favorable conditions.

Comparatively, the ground wave is not efficient. If the radio wave leaves the Earth at an angle of zero degrees, just at the horizon, the maximum distance that may be reached under usual ionospheric conditions in the F2 region is about 4,000 kilometers (2,500 miles). This 4,000-kilometer value is for the higher HF frequencies. Lower frequencies result in shorter hops.

For signals below the critical frequency, there is no skip zone, making these frequencies very useful for regional communication. Deliberately launching a signal at high elevation angles in order to cover a region around the transmitting antenna is very useful for emergency and disaster relief communications, for example. This type of propagation is referred to as near vertical incidence skywave (NVIS) and is described in a subsequent section.

4.2.7 Multi-Hop Propagation

As mentioned previously in the discussion about Figure 4.16, the Earth itself can act as a reflector for radio waves, resulting in multiple hops. Thus, a radio signal can be reflected from the reception point on the Earth back into the ionosphere, reaching the Earth a second time at a still more-distant point. This effect is illustrated in Figure 4.17, where a single ionospheric region is depicted, although this time we show both the region and the Earth beneath it as curved rather than flat. The wave identified as “Critical Angle” travels from the transmitter via the ionosphere to point A, in the center of the drawing, where it is reflected upwards and travels through the ionosphere to point B, at the right. This shows a two-hop signal path.
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As in the simplified case in Figure 4.16, the distance at which a ray eventually reaches the Earth depends on the launch elevation angle at which it left the transmitting antenna.

The information in Figure 4.17 is greatly simplified. On actual communication paths the picture is complicated by many factors. One is that the transmitted energy spreads over a considerable area after it leaves the antenna. Even with an antenna array having the sharpest practical beam pattern, there is what might be described as a cone of radiation centered on the wave lines (rays) shown in the drawing. The reflection/refraction in the ionosphere is also highly variable and is the cause of considerable spreading and scattering.

Under some conditions it is possible for as many as four or five signal hops to occur over a radio path, as illustrated by the oblique ionogram in Figure 4.15. But no more than two or three hops is the norm. In this way, HF communication can be conducted over many thousands of miles.

An important point should be recognized with regard to signal hopping. A significant loss of signal occurs with each hop — especially at lower HF frequencies. The D and E regions of the ionosphere absorb energy from signals as they pass through, and the ionosphere tends to spread and scatter the radio energy in various directions, rather than confining it in a tight bundle. The roughness of the Earth’s surface also scatters the energy at the Earth reflection point.

Assuming that both waves do reach point B in Figure 4.17, the low-angle wave will contain more energy at point B. This wave passes through the lower regions just twice, compared to the higher-angle route, which must pass through these regions four times, plus encountering an Earth reflection. Measurements indicate that although there can be great variation in the relative strengths of the two signals — the one-hop signal will generally be from 7 to 10 dB stronger, although many amateurs may not be capable of transmitting at these low angles. The nature of the terrain at the mid-path reflection point for the two-hop wave, the angle at which the wave is reflected from the Earth, and the condition of the ionosphere in the vicinity of all the refraction points are the primary factors in determining the signal-strength ratio.

The loss per hop becomes significant at greater distances. It is because of these losses that no more than four or five propagation hops are useful; the received signal becomes too weak to be usable over more hops. Although modes other than signal hopping also account for the propagation of radio waves over thousands of miles, backscatter studies of actual radio propagation have displayed signals with as many as five hops. So, the hopping mode is arguably the most prevalent method for long-distance communication.

Figure 4.18 shows another way of looking at propagation — at a geographic area. Figure 4.18 shows 15-meter signal levels across the US as they propagate from a transmitting station in San Francisco. This simulation of propagation conditions is for the month of November, with a medium level of solar activity (SSN = 50) at 22 UTC. Figure 4.18 was created using the VOAAREA software program, part of the VOACAP software suite. Transmitter power is assumed to be 1,500 W, with 3-element Yagis, 55 feet high, at the transmitter and at each receiving location.
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From the transmitter out to about 50 miles, signals are moderate, at about S-5 on an S meter. Beyond that coverage area to almost 1⁄3 of the way across the country (to Colorado), there is a large and distinctive skip zone, where only very weak signals return to Earth (S-1 or less). Beyond Colorado, signals rapidly build up to S-9+10 dB across the middle of the US, falling to S-9 and then to S-7 in the vicinity of Chicago, Illinois. Beyond Chicago, the signals drop to S-5 in a swath from Michigan and part of Ohio down to Alabama. All along the US East Coast, signals come back strong at S-9.

The reason why the signals in Figure 4.18 drop down to S-5 in the Midwest is that the necessary elevation angles to cover this region in a single F2 hop are extremely low even at a moderate level of solar activity. To achieve launch angles as low as 1 degree requires either very high antenna heights or a high mountaintop location. Beyond the Midwest, out to the US East Coast, two F2 hops are required, with higher elevation angles and hence greater antenna gain for moderate antenna heights.

4.2.8 NVIS Propagation

The purpose of near vertical incidence skywave (NVIS) propagation is to bridge the gap between where ground wave is too weak and where the skip zone ends. Because NVIS communication operates with high angles of incidence to the ionosphere, signals return to Earth relatively close to the transmitter. By using frequencies close to and below the critical frequency and antennas that produce radiation at high elevation angles, NVIS operation exhibits no skip zone and communications can be maintained over these relatively short distances. (See the previous section on Ionospheric Refraction for an explanation of critical frequency.)

Frequency selection is important since absorption in the ionosphere increases as frequency decreases. By operating close to the critical frequency, absorption is minimized. This requires knowing the critical frequency which is continually changing from day to day and hour to hour. Propagation modeling software can be used to predict the critical frequency for propagation between two locations. You can also use real-time ionosonde data as discussed previously if the data is representative of your location and the desired communication path. You should expect to change bands as conditions change to remain close to the critical frequency.

A desirable NVIS antenna radiation pattern is one in which most of the radiation is upward at elevation angles greater than 45 degrees. This is referred to as NVIS directivity, defined as the average directivity for elevation angles between 70° and 90°. To maximize NVIS directivity, the most common antenna is a λ/2 dipole mounted approximately 0.2 λ above the ground. Lower heights incur greater ground losses and larger heights result in more low-angle radiation such that NVIS performance begins to suffer.

Figure 4.19 summarizes the relationship of antenna height, NVIS directivity, and ground loss at 5.4 MHz. NVIS directivity varies only slowly with height with an optimum at 0.09 λ, whereas the antenna gain has a distinct optimum at 0.19 λ, sharply decreasing at low heights due to excessive ground loss. The same general relationship exists for the other amateur bands below 10 MHz, leading to the overall recommendation for antenna heights of approximately 0.2 λ for best NVIS performance. (This paragraph and figure are from the referenced 2015 article by Witvliet and others — see below.) In the December 2005 issue of QST, Dean Straw, N6BV, used the VOACAP propagation prediction program to analyze a variety of NVIS paths centered on San Francisco. His analysis showed area coverage maps (signal strength contours versus distance from the transmitter) and elevation patterns of antennas at various heights. His analysis allowed him to formulate a very nice summary: As a rule-of-thumb, for ham band NVIS, I would recommend that 40 meters be used during the day; 80 meters during the night. Additionally, during a winter night near solar minimum, changing to 160 meters may be necessary.
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Another way to summarize this would be to say that 40 meters (7 MHz) and 60 meters (5 MHz) are good for NVIS propagation out to a couple hundred miles during the day, with 40meters better at solar maximum and 60 meters better at solar minimum. Likewise, 80 meters (4 MHz, aka 75 meters) and 160 meters (1.9 MHz) are good for NVIS propagation out to several hundred miles during the night, with 80 meters better at solar maximum and 160 meters better at solar minimum (especially during the winter months). This summary takes into account both the MUF and ionospheric absorption.

Along with N6BV’s QST article, there are several excellent articles that apply to the amateur radio use of NVIS. Ed Farmer, AA6ZM, contributed an overview of NVIS techniques, including an analysis of antenna type and pattern with height, in January 1995 QST which is also listed in the References section. Perhaps the most complete current article on NVIS is from 2015: “Near Vertical Incidence Skywave Propagation: Elevation Angles and Optimum Antenna Height for Horizontal Dipole Antennas” by Witvliet and others in the IEEE Antennas and Propagation Magazine. It presents a comprehensive discussion of propagation, coverage, and antenna systems. Tom Kamp, DF5JL, also studied NVIS on the 60 meter band in Germany. See the References entry for his article in CQ DL. NVIS antenna systems are also discussed in this book’s chapter on HF Antenna System Design.

4.2.9 E Region Propagation

The lowest portion of the ionosphere useful for long-distance communication by amateurs, the E region lies between 90 and 150 kilometers (60 and 90 miles) altitude, but a narrower region centered at 95 to 120 kilometers (60 to 70 miles) is more important for radio propagation. In the E region, nitric oxide and molecular oxygen are ionized by short-wavelength UV and long-wavelength X-ray radiation (so-called soft X-rays). Normally, the E region exists primarily during daylight hours, because, like the D region, it requires a constant source of ionizing radiation. Recombination is not as fast as in the denser D region and absorption is much less. The E region has a daytime critical frequency that varies between 3 and 4 MHz with the solar cycle. At night, the normal E region decays to a minimum critical frequency of 0.3 – 0.5 MHz, which is still enough to refract low elevation angle 1.8 MHz signals.

DAYTIME AND NIGHTTIME E REGION

In the E region, at intermediate atmospheric density, ionization varies with the Sun angle above the horizon (the solar zenith angle), but solar EUV radiation is not the sole ionizing agent. Solar X-rays, meteors, and meteoroids entering this portion of the Earth’s atmosphere also play a part. Ionization increases rapidly after sunrise, reaches maximum around noon local time, and drops off quickly after sundown. The minimum is after midnight, local time. As with the D region, the E region absorbs wave energy in the lower-frequency amateur bands when the Sun angle is high,

The E region plays a small role in propagating HF signals but can be a major factor limiting propagation during daytime hours. Its usual critical frequency of 3 to 4 MHz, with an M-factor of about 5, suggests that single-hop E region skip might be useful between 5 and 20 MHz at distances up to 2,300 kilometers (1,400 miles). In practice this is not the case, because the potential for E region skip is severely limited by D region absorption. Signals radiated at low angles at 7 and 10 MHz, which might be useful for the longest-distance contacts, are largely absorbed by the D region. Only high-angle signals pass through the D region at these frequencies, but high-angle E region skip is typically limited to 1,200 kilometers (750 miles) or so. Signals at 14 MHz penetrate the D region at lower angles at the cost of some absorption, but the casual operator may not be able to distinguish between signals propagated by the E region or higher-angle F region propagation.

E REGION BLANKETING

On 20 meters during the summer, on 40 and 30 meters around mid-day and on 160 meters mostly during the evening hours or well into the night in summer, the E region can block a signal from getting to the higher F region that offers longer hops. This is known as E region blanketing, in reference to the E region acting as a blanket that signals cannot get through. This is often mistakenly considered to be ionospheric absorption from the D region.

E region blanketing is the primary reason why long-distance propagation is uncommon during midday on the 40- and 30-meter bands and during the summer on 20 meters. D region absorption — to a much lesser degree — also degrades midday long-distance propagation on 40 and 30 meters, mainly by absorbing most low angle, multi-hop, E region propagation.

AURORA

If the orientation of the interplanetary magnetic field from a powerful CME is aligned southward (opposite to that of the Earth’s geomagnetic field, indicated by negative reported values of Bz) and if the magnetic field strength is greater than about 5 nanoteslas and if both conditions persist for about two hours or more, the geomagnetic field can partially collapse and the particles normally trapped there can be deposited into the Earth’s upper atmosphere. This produces a visible or radio aurora. An aurora is visible if the time of entry is after dark.

The visible aurora is an optical signature of the plasma curtain capable of refracting radio waves in the range of frequencies above about 20 MHz. D-region absorption increases between midnight and sunrise on lower frequencies during auroras. The exact frequency ranges depend on many factors: time, season, position with relation to the Earth’s auroral regions, and the level of solar activity at the time, to name a few.

Radar signals as high as 3 GHz have been scattered by the aurora borealis or northern lights (aurora australis in the Southern Hemisphere), but amateur aurora contacts are common only from 28 through 432 MHz. By pointing directional antennas generally northward toward the center of aurora activity, oblique paths between stations up to 2,300 kilometers (1,400 miles) apart can be completed. See Figure 4.20. High power and large antennas are not necessary. Stations with small Yagis and as little as 10 W output have used auroras on frequencies as high as 432 MHz, but contacts at 902 MHz and higher are exceedingly rare. Auroral propagation works just as well in the Southern Hemisphere, in which case antennas must be pointed generally southward.
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AURORAL PROPAGATION AND ABSORPTION

The auroral effect on VHF waves is another amateur discovery, this one dating back to the 1930s. The discovery came coincidentally with improved transmitting and receiving techniques then. The returning signal is diffused in frequency by the diversity of the auroral curtain as a refracting (scattering) medium. The result is a modulation of a CW signal, from just a slight burbling sound to what is best described as a “keyed roar.” Before SSB took over in VHF work, voice was all but useless for auroral paths. A sideband signal suffers, too, but its narrower bandwidth helps to retain some degree of understandability. Distortion induced by a given set of auroral conditions increases with the frequency in use. 50-MHz signals are much more intelligible than those on 144 MHz on the same path at the same time. On 144 MHz, CW is almost mandatory for effective auroral communication.

It is not necessary to see an aurora to make auroral contacts. Useful auroras may be 500 – 1,000 kilometers (310 – 620 miles) away and below the visual horizon. Antennas should be pointed generally north and then moved east and west to peak signals, because auroral ionization is field aligned. This means that for any pair of stations, there is an optimal direction for aurora scatter. Offsets from north are usually greatest when the aurora is closest and often provide the longest contacts.

There may be some advantage to antennas that can be elevated, especially when auroras are high in the sky. The antenna requirements for auroral work are mixed. High gain helps, but the area of the aurora yielding the best returns sometimes varies rapidly, so sharp directivity can be a disadvantage. So could a very low radiation angle, or a beam pattern very sharp in the vertical plane. Experience indicates that few amateur antennas are sharp enough in either plane to present a real handicap. The beam heading for maximum signal can change, however, so a bit of scanning in azimuth may turn up some interesting results. A very large array, such as is commonly used for moonbounce (with azimuth-elevation control), should be worthwhile.

4.2.10 F Region Propagation

Most of our long-distance communication capability stems from the tenuous outer reaches of the Earth’s atmosphere known as the F region. At heights above 100 miles, ions and electrons recombine more slowly, allowing the region to hold its ability to reflect wave energy back to Earth well into the night.

The F region, from 150 kilometers (90 miles) to over 400 kilometers (250 miles) altitude, is by far the most important for long-distance HF communications. F-region oxygen atoms are ionized primarily by ultraviolet radiation. During the day, ionization reaches maxima in two distinct regions, called F1 and F2. The F1 region forms between 150 and 250 kilometers (90 and 160 miles), is most prevalent in the summer months, and disappears at night. The F2 region extends above 250 kilometers (160 miles), with a peak of ionization around 300 kilometers (190 miles). At night, F-region ionization collapses into one broad region at 300 – 400 kilometers (190 – 250 miles) altitude. Ions recombine very slowly at these altitudes because atmospheric density is relatively low. Maximum ionization levels change significantly with time of day, season, and year of the solar cycle.

The region’s height may be from 160 to more than 500 kilometers (100 to over 310 miles), depending on the season of the year, the latitudes, the time of day, and, most capricious of all, what the Sun has been doing in the last few minutes and in perhaps the last three days before the attempt is made. The MUF between Eastern US and Europe, for example, has been anything from 7 to 70 MHz, depending on the conditions mentioned above, plus the point in the long-term solar-activity cycle at which the check is made. The MUF between North America and Europe frequently drops below 7 MHz during the fall and winter during solar minimum years, mainly because of the electron depletion effects of the mid latitude trough which is discussed later.

Propagation information tailored to amateur needs is published by the ARRL via propagation bulletins that are issued every Friday — they are archived at arrl.org/w1aw-bulletins-archive-propagation. Finally, solar and geomagnetic field data, transmitted hourly and updated eight times daily, are given in brief bulletins carried by the US Time Standard stations, WWV (18 minutes past the hour) and WWVH (45 minutes past the hour), and also on internet websites. More information on these services is provided later.

F1 REGION

The daytime F1 region is not very important to HF communication. In reality it is an inflection point in the electron density profile, not a peak. It exists only during daylight hours and is largely absent in winter. Radio signals below 10 MHz are not likely to reach the F1 region, because they are either absorbed by the D region or refracted by the E region. Signals higher than 20 MHz that pass through both of the lower ionospheric regions are likely to pass through the F1 region as well, because the F1 MUF rarely rises above 20 MHz. Absorption diminishes the strength of any signals that continue through to the F2 region during the day. Some useful F1 region refraction may take place between 10 and 20 MHz during summer days, yielding paths as long as 3,000 kilometers (1,900 miles), but these would be practically indistinguishable from F2 skip. The F1 region often blankets F2 region daytime 20-meter propagation during the summer, preventing most mid-day long distance propagation. Hams often mistakenly refer to this as “absorption.”

F2 REGION

The F2 region forms between 250 and 400 kilometers (160 and 250 miles) during the daytime and persists throughout the night as a single consolidated F region 50 kilometers (30 miles) higher in altitude. Typical ion densities are the highest of any ionospheric region, with the possible exception of some unusual E region phenomena. In contrast to the other ionospheric regions, F2 ionization varies considerably with time of day, season, and position in the solar cycle, but it is never altogether absent. These two characteristics make the F2 region the most important for long-distance HF communications.

The F2 region MUF is nearly a direct function of ultraviolet (UV) solar radiation, which in turn closely follows the solar cycle. During the lowest years of the cycle, the daytime MUF may climb above 14 MHz for only a few hours a day. In contrast, the MUF may rise beyond 50 MHz during peak years of strong solar cycles and stay above 14 MHz throughout the night. The virtual height of the F2 region averages 330 kilometers (210 miles) but varies between 200 and 400 kilometers (120 and 250 miles). Maximum one-hop distance is about 4,000 kilometers (2,500 miles). Near vertical incidence skywave propagation just below the critical frequency provides reliable coverage out to 200 – 300 kilometers (120 – 190 miles) with no skip zone. It is most often observed on 7 MHz during the day.

At any given location on Earth, in general both F2 region ionization and MUF at that point build rapidly at sunrise, usually reaching a maximum after local noon, and then decrease to a minimum at night prior to the next sunrise. Depending on the season, the MUF is generally highest on paths directed within 20 degrees of the Equator and lower toward the poles. For this reason, transequatorial paths may be open at a particular frequency when all other paths are closed, especially when TEP propagation is available during late afternoon and evening.

MULTI-HOP F region PROPAGATION

Most HF communication beyond 4,000 kilometers (2,500 miles) takes place via multiple ionospheric hops. Radio signals are reflected from the Earth back toward the ionosphere for additional ionospheric refractions. A series of ionospheric refractions and terrestrial reflections commonly create paths half-way around the Earth. Each hop involves additional attenuation and absorption, so the longest-distance signals tend to be the weakest.

Multi-hop paths can take on many different configurations, as shown in the examples of Figure 4.20. E region (especially sporadic E) and F region hops may be mixed. In practice, multi-hop signals arrive via many different paths, which often increases the problems of fading. Analyzing multi-hop paths is complicated by the effects of D- and E-region absorption, possible reflections from the tops of sporadic E regions, disruptions in the auroral zone, and other phenomena.

In general, when a band is opening and closing as the MUF changes, extremely low elevation angles are dictated (less than 5 degrees). During the main part of the opening, the elevation angle is higher — generally in the range of 5 to 20 degrees. This is why stations with extremely high antennas (which have higher gain at lower takeoff angles) perform better at band openings and closings.

It is possible for signals to be propagated completely around the world and arrive back at their originating point. Multiple reflections within the F region may at times bypass ground reflections altogether, creating what are known as chordal hops, with lower total attenuation. It takes a radio signal about 0.14 seconds to make an around-the-world trip.

F-Region Long Path

Most HF communication takes place along the shortest great-circle path between two stations. Short-path propagation is always less than 20,000 kilometers (12,000 miles) — halfway around the Earth. Nevertheless, it may be possible at times to make the same contact in exactly the opposite direction via the long path. The long-path distance will be 40,000 kilometers (25,000 miles) minus the short-path length. Signal strength via the long path is usually considerably less than the more direct short path. When both paths are open simultaneously, there may be a distinctive sort of echo on received signals. The time interval of the echo represents the difference between the short-path and long-path distances.

Sunlight is a required element in long-haul communication via the F region above about 10 MHz, but due to recombination being a slow process after sunset, propagation may be supported in the dark ionosphere for many hours after sunset. This fact tends to define long-path timing and antenna aiming. Both are essentially the reverse of the “normal” for a given circuit. We know also that salt-water paths work better than overland ones. This can be significant in long-path work.

F-region SCATTER MODES

Special forms of F-region scattering can create unusual paths within the skip zone. Backscatter and sidescatter signals are usually observed just below the MUF for the direct path and allow communications not normally possible by other means.

Two stations communicating over a single ionospheric hop can often be heard to some degree by other stations at almost any point along the way. Some of the wave energy is scattered in all directions, including back to the starting point and farther. Backscatter and sidescatter are closely related and the terminology does not precisely distinguish between the two. Backscatter usually refers to single-hop signals that have been scattered by the Earth or the ocean at some distant point back toward the transmitting station.

Stations using backscatter point their antennas toward a common scattering region at the one-hop distance, rather than toward each other. Backscattered signals are generally weak and have the characteristic “hollow” sound of signals combining from many paths. Useful communication distances range from 100 kilometers (60 miles) to the normal one-hop distance of 4,000 kilometers (2,500 miles).

Backscatter functions like a sort of HF ionospheric radar. Figure 4.21 shows a schematic for a simple backscatter path. The signal launched from point A travels through the ionosphere back to earth at Point S, the scattering point. Here, the rough terrain of the land or ocean waves scatters signals in many directions, one of which propagates a weak signal back through the ionosphere to land at point B. Point B would normally be in the no-signal skip zone between A and S. Two stations spaced a few hundred kilometers apart can often communicate via a backscatter path near the MUF. See Figure 4.22.
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Because backscatter involves mainly scattering from the Earth at the point where the strong ionospherically propagated signal comes down, it is a part of HF over-the-horizon radar techniques. Amateurs using sounding techniques have shown that you can tell to what part of the world a band is usable (single-hop F) by probing the backscatter with a directive antenna and high transmitter power, especially when the Earth contact point is over the open ocean. In fact, that’s where the mode is at its best, because ocean waves can be efficient backscatter reflectors. Sidescatter is similar to backscatter, except the ground scatter zone is off the direct line between participants. A typical example, often observed during the lowest years of the solar cycle, is communication on 28 MHz between the eastern US (and adjacent areas of Canada) and much of the European continent. Often, this may start as “backscatter chatter” between Europeans whose antennas are turned toward the Azores. Then suddenly the North Americans join the fun, perhaps for only a few minutes, but sometimes much longer, with beams also pointed toward the Azores. Duration of the game can be extended, at times, by careful reorientation of antennas at both ends, as with backscatter. The secret, of course, is to keep hitting the highest-MUF area of the ionosphere and the most favorable ground-reflection points.

Propagation Summary, By Band
LOW FREQUENCY (LF) BANDS AND MEDIUM FREQUENCY (MF) BANDS
135.7 – 137.8 kHz (2200 meters) and 472-479 kHz (630 meters)
See the section Propagation Below 1.8 MHz.
1.8 – 2.0 MHz (160 meters)
160 meters suffers from daytime D region absorption. Daytime communication is limited to ground wave coverage and a single E hop out to about 1,500 kilometers for well-equipped stations (running the full legal limit, quarter-wave verticals with a good ground system, and a low noise receiving environment). At night, the D region quickly disappears and worldwide 160 meter communication becomes possible via F2 region propagation. Atmospheric and man-made noise limits propagation. Tropical and mid latitude thunderstorms cause high levels of static in summer, making winter evenings the best time to work DX at 1.8 MHz. A proper choice of receiving antenna (Beverage, 4-square, small loop) can often significantly reduce the amount of received noise to improve the signal-to-noise ratio.
HIGH FREQUENCY (HF) BANDS (3 – 30 MHz)
A wide variety of propagation modes are useful on the HF bands. The 80 meter band shares many daytime characteristics with 160 meters. The 60 meter band is better for daytime communications than the 160- and 80 meter bands and is much more similar to the 40 meter band. The transition between bands primarily useful at night or during the day appears around 10 MHz. Most long-distance contacts are made via F2 region skip. Above 21 MHz, more exotic propagation, including TE, sporadic E, aurora, and meteor scatter, begins to be practical.
3.5 – 4.0 MHz (80 meters for the lower end, 75 meters for the higher end)
The lowest HF band is similar to 160 meters in many respects. Daytime absorption is significant, but not quite as extreme as at 1.8 MHz. At night, signals are often propagated halfway around the world. As at 1.8 MHz, atmospheric noise is a nuisance, especially during the summer, making winter the most attractive season for the 80/75 meter DXer.
5.3 – 5.4 MHz (60 meters)
The distance covered during daytime propagation is very similar to the 40 meter band. At night, worldwide propagation is possible in spite of the relatively low power limit. Signal strengths will typically be higher than on 80 meters but not as high as on 40 meters.
7.0 – 7.3 MHz (40 meters)
The popular 40 meter band supports daytime NVIS propagation and E region propagation out to about 500 miles during most daylight hours. D region absorption is much less severe than on the 160- and 80 meter bands except at low elevation angles, so short-distance skip via the E and F regions is possible. During the day, a typical station can cover a radius of approximately 800 kilometers (500 miles). At night, reliable worldwide communication via F2 is common on the 40 meter band.
Atmospheric noise is much less troublesome than on 160 and 80 meters, and 40 meter DX signals are often of sufficient strength to override even high-level summer static. For these reasons, 40 meters is the lowest-frequency amateur band considered reliable for DX communication in all seasons. Even during the lowest point in the solar cycle, 40 meters is usually open for worldwide DX throughout the night.
10.1 – 10.15 MHz (30 meters)
The 30 meter band is unique because it shares characteristics of both daytime and nighttime bands. D region absorption is not a significant factor. Communication up to 3,000 kilometers (1,900 miles) is typical during the daytime, and this extends halfway around the world via all-darkness paths. The band is generally open via F2 on a 24-hour basis, but during a solar minimum, the MUF on many DX paths often drops below 10 MHz shortly after sunset. DX paths may drop below 10 MHz at night. Under these conditions, 30 meters adopts the characteristics of the daytime bands at 14 MHz and higher.
14.0 – 14.35 MHz (20 meters)
The 20 meter band is traditionally regarded as the amateurs’ primary long-haul DX favorite. Regardless of the 11-year solar cycle, 20 meters can be depended on for at least a few hours of worldwide F2 propagation during the day. During solar-maximum periods, 20 meters will often stay open to distant locations throughout the night. Skip distance is usually appreciable and is always present to some degree. Daytime E region and sporadic E propagation from sunrise through midnight propagation may be detected along very short paths. Atmospheric noise is not a serious consideration, even in the summer. Because of its popularity, 20 meters tends to be very congested during the daylight hours.
18.068 – 18.168 MHz (17 meters)
The 17 meter band is similar to the 20 meter band in many respects, but the effects of fluctuating solar activity on F2 propagation are more pronounced. During the years of high solar activity, 17 meters is reliable for daytime and early-evening long-range communication, often lasting well after sunset. During moderate years, the band may open only during sunlight hours and close shortly after sunset. At solar minimum, 17 meters will open to middle and equatorial latitudes, but only for short periods during midday on north-south paths.
21.0 – 21.45 MHz (15 meters)
The 15 meter band has long been considered a prime DX band during solar cycle maxima, but it is sensitive to changing solar activity. During peak years, 15 meters is reliable for daytime F2 region DXing and will often stay open well into the night. During periods of moderate solar activity, 15 meters is basically a daytime-only band, closing shortly after sunset. During solar minimum periods, 15 meters may not open at all except for infrequent north-south transequatorial circuits. Sporadic E is observed occasionally in early summer and mid-winter, although the effects are not as pronounced as on the higher frequencies.
24.89 – 24.99 MHz (12 meters)
This band offers propagation that combines the best of the 10- and 15 meter bands. Although 12 meters is primarily a daytime band during low and moderate sunspot years, it may stay open well after sunset during the solar maximum. During years of moderate solar activity, 12 meters opens to the low and middle latitudes during the daytime hours, but it seldom remains open after sunset. Periods of low solar activity seldom cause this band to go completely dead, except at higher latitudes. Occasional daytime openings, especially in the lower latitudes, are likely over north-south paths. The main sporadic E season on 24 MHz lasts from late spring through summer and short openings may be observed in mid-winter.
28.0 – 29.7 MHz (10 meters)
The 10 meter band is well known for extreme variations in characteristics and a variety of propagation modes. During solar maxima, long-distance F2 propagation is so efficient that very low power can produce strong signals halfway around the globe. DX is abundant with modest equipment. Under these conditions, the band is usually open from sunrise to a few hours past sunset. During periods of moderate solar activity, 10 meters usually opens only to low and transequatorial latitudes around noon. During the solar minimum, there may be no F2 propagation at any time during the day or night.
Sporadic E is fairly common on 10 meters, especially May through August, although it may appear at any time. Short skip, as sporadic E is sometimes called on the HF bands, has little relation to the solar cycle and occurs regardless of F region conditions. It provides single-hop communication from 300 to 2,300 kilometers (190 to 1,400 miles) and multiple-hop opportunities of 4,500 kilometers (2,800 miles) and farther.
Ten meters is a transitional band in that it also shares some of the propagation modes more characteristic of VHF. Meteor scatter, aurora, and auroral E provide the means of making contacts out to 2,300 kilometers (1,400 miles) and TEP propagation often supports propagation to 5,000 miles and farther, but these modes often go unnoticed at 28 MHz. Techniques similar to those used at VHF can be very effective on 10 meters, as signals are usually stronger and more persistent. These exotic modes can be more fully exploited, especially during the solar minimum when F2 DXing has waned.
VERY HIGH FREQUENCY (VHF) BANDS (30 – 300 MHz)
A wide variety of propagation modes are useful in the VHF range. F-region skip appears on 50 MHz during solar cycle peaks. Sporadic E and several other E-region phenomena are most effective in the VHF range. Still other forms of VHF ionospheric propagation, such as field-aligned irregularities (FAI) and transequatorial propagation (TEP), are rarely observed at VHF. Tropospheric propagation, which is not a factor at HF, becomes increasingly important above 50 MHz.
50 – 54 MHz (6 meters)
The lowest amateur VHF band shares many of the characteristics of both lower and higher frequencies. In the absence of any favorable ionospheric propagation conditions, well-equipped 50 MHz stations work regularly over a radius of 300 kilometers (190 miles) via tropospheric scatter, depending on terrain, power, receiver capabilities, and antenna. Weak-signal troposcatter allows the best stations to make 500 kilometers (310 mile) contacts nearly any time. Weather effects may extend the normal range by a few hundred kilometers, especially during the summer months, but true tropospheric ducting is rare.
During the peak of the 11-year solar cycle (especially during the winter months), worldwide 50 MHz DX is possible via the F2 region during daylight hours. F2 backscatter provides an additional propagation mode for contacts as far as 4,000 kilometers (2,500 miles) when the MUF is just below 50 MHz. TEP paths as long as 8,000 kilometers (5,000 miles) across the magnetic equator are common around the spring and fall equinoxes of peak solar cycle years.
Sporadic E is probably the most common and certainly the most popular form of propagation on the 6-meter band. Single-hop E-skip openings may last many hours for contacts from 600 to 2,300 kilometers (370 to 1,400 miles), primarily during the spring and early summer. Multiple-hop Es provides transcontinental contacts mostly during June and July in the northern hemisphere at distances of 10,000 kilometers or more and contacts between the US and South America, Europe and Japan via multiple-hop E-skip occur nearly every summer.
Other types of E region ionospheric propagation make 6 meters an exciting band. Maximum distances of about 2,300 kilometers (1,400 miles) are typical for all types of E-region modes. TEP propagation is frequent for stations in within range of the geomagnetic equator and for stations farther away when sporadic E propagation couples to TEP. Propagation via FAI often provides additional hours of contacts immediately following sporadic E events. Auroral propagation often makes its appearance in late afternoon when the geomagnetic field is disturbed. Closely related auroral E propagation may extend the 6 meter range to 4,000 kilometers (2,500 miles) and sometimes farther across the northern states and Canada and Alaska and occasionally to Scandinavia, usually after midnight. Meteor scatter provides reliable contacts almost every day around sunrise and especially during one of the dozen or so prominent annual meteor showers.
144 – 148 MHz (2 meters)
Ionospheric effects are significantly reduced at 144 MHz, but they are far from absent. F-region propagation is unknown except for TEP, which is responsible for the current 144 MHz terrestrial DX record of nearly 8,000 kilometers (5,000 miles). Sporadic E occurs as high as 144 MHz less than a tenth as often as at 50 MHz, but the usual maximum single-hop distance is the same, about 2,300 kilometers (1,400 miles). Multiple-hop sporadic E contacts greater than 3,000 kilometers (1,900 miles) have occurred from time to time across the continental US, as well as across Southern Europe.
Auroral propagation is quite similar to that found at 50 MHz, except that signals are weaker and more Doppler-distorted. Auroral E contacts are rare. Meteor-scatter contacts are limited primarily to the periods of the great annual meteor showers and require much patience and operating skill. Contacts have been made via FAI on 144 MHz, but its potential has not been fully explored.
Tropospheric effects improve with increasing frequency, and 144 MHz is the lowest VHF band at which terrestrial weather plays an important propagation role. Weather-induced enhancements may extend the normal 300- to 600-kilometer (190- to 370-mile) range of well-equipped stations to 800 kilometers (500 miles) and more, especially during the summer and early fall. Tropospheric ducting extends this range to 2,000 kilometers (1,200 miles) and farther over the continent and at least to 4,000 kilometers (2,500 miles) over some well-known all-water paths, such as that between California and Hawaii.
222 – 225 MHz (135 cm)
The 135 cm band shares many characteristics with the 2 meter band. The normal working range of 222 MHz stations is nearly as far as comparably equipped 144 MHz stations. The 135 cm band is slightly more sensitive to tropospheric effects, but ionospheric modes are more difficult to use. Auroral and meteor-scatter signals are somewhat weaker than at 144 MHz, and sporadic E contacts on 222 MHz are extremely rare. FAI and TEP may also be well within the possibilities of 222 MHz, but reports of these modes on the 135 cm band are uncommon. Increased activity on 222 MHz will eventually reveal the extent of the propagation modes on the highest of the amateur VHF bands.
ULTRA-HIGH FREQUENCY (UHF) BANDS (300 – 3000 MHz) AND HIGHER
Tropospheric propagation dominates the bands at UHF and higher, although some forms of E region propagation are still useful at 432 MHz. Above 10 GHz, atmospheric attenuation increasingly becomes the limiting factor over long-distance paths. Reflections from airplanes, mountains and other stationary objects may be useful adjuncts to propagation at 432 MHz and higher.
420 – 450 MHz (70 cm)
The lowest amateur UHF band marks the highest frequency on which ionospheric propagation is commonly observed. Auroral signals are weaker and more Doppler distorted; the range is usually less than at 144 or 222 MHz. Meteor scatter is much more difficult than on the lower bands, because bursts are significantly weaker and of much shorter duration. Although sporadic E and FAI are unknown as high as 432 MHz and probably impossible, TEP may be possible.
Well-equipped 432 MHz stations can expect to work over a radius of at least 300 kilometers (190 miles) in the absence of any propagation enhancement. Tropospheric refraction is more pronounced at 432 MHz and provides the most frequent and useful means of extended-range contacts. Tropospheric ducting supports contacts of 1,500 kilometers (930 miles) and farther over land. The current 432 MHz terrestrial DX record of more than 4,000 kilometers (2,500 miles) was accomplished by ducting over water.
902 – 928 MHz (33 cm) and Higher
Ionospheric modes of propagation are nearly unknown in the bands above 902 MHz. Auroral scatter may be just within amateur capabilities at 902 MHz, but signal levels will be well below those at 432 MHz. Doppler shift and distortion will be considerable, and the signal bandwidth may be quite wide. No other ionospheric propagation modes are likely, although high-powered research radars have received echoes from auroras and meteors as high as 3 GHz.
Almost all extended-distance work in the UHF and microwave bands is accomplished with the aid of tropospheric enhancement. The frequencies above 902 MHz are very sensitive to changes in the weather. Tropospheric ducting occurs more frequently than in the VHF bands and the potential range is similar. At 1296 MHz, 2,000-kilometer (1,200-mile) continental paths and 4,000-kilometer (2,500-mile) paths between California and Hawaii have been spanned many times. Contacts of 1,000 kilometers (620 miles) have been made on all bands through 10 GHz in the US and over 1,600 kilometers (1,000 miles) across the Mediterranean Sea. Well-equipped 903 and 1296 MHz stations can work reliably up to 300 kilometers (190 miles), but normal working ranges generally shorten with increasing frequency.
Other tropospheric effects become evident in the GHz bands. Evaporation inversions, which form over very warm bodies of water, are usable at 3.3 GHz and higher. It is also possible to complete paths by scattering from rain, snow and hail in the lower GHz bands. Above 10 GHz, attenuation caused by atmospheric water vapor and oxygen become the most significant limiting factors in long-distance communication.


The favorable route is usually, but not always, south of the great-circle heading (for stations in the Northern Hemisphere). There can also be sidescatter from the auroral regions. Sidescatter signals are stronger than backscatter signals using the same general area of ground scattering.

Sidescatter signals have been observed frequently on the l4-MHz band, and can take place on any band where there is a large window between the MUF and the LUF. For sidescatter communications to occur, the thing to look for is a common area to which the band is open from both ends of the path (the Azores, in the above example) when there is no direct-path opening. It helps if the common area is in the open ocean, where there is less scattering loss than over land.

Forward scatter is similar to the other two scatter modes. In this case, the MUF may not be high enough for pure refraction to a distant point, but some scatter energy may go forward to complete the path.

4.3 VHF/UHF Non-Ionospheric Propagation

4.3.1 Line of Sight

At one time it was thought that communications in the VHF range and higher would be restricted to line-of-sight paths. Although this has not proven to be the case even in the microwave region, the concept of line of sight is still useful in understanding tropospheric propagation. In the vacuum of space or in a completely homogeneous medium, radio waves do travel essentially in straight lines, but these conditions are almost never met in terrestrial propagation.

Radio waves traveling through the troposphere are ordinarily refracted slightly earthward. The normal drop in temperature, pressure, and water-vapor content with increasing altitude changes the index of refraction of the atmosphere enough to cause refraction. Under average conditions, radio waves are refracted toward Earth enough to make the horizon appear 15 percent farther away than the visual horizon. Under unusual conditions, tropospheric refraction may extend this range significantly.

A simple formula can be used to estimate the distance to the radio horizon under average conditions:
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where

d = distance to the radio horizon, miles

h = height above average terrain, feet.

and
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where

d = distance to the radio horizon, kilometers

h = height above average terrain, meters.

The distance to the radio horizon for an antenna 30 meters (98 feet) above average terrain is thus 22.6 kilometers (14 miles). A station on top of a 1000-meter (3,280 foot) mountain has a radio horizon of 130 kilometers (80 miles).

4.3.2 Beyond Line of Sight

From Figure 4.7 it appears that use of the space wave depends on direct line of sight between the antennas of the communicating stations. This is not literally true, although that belief was common in the early days of amateur communication on frequencies above 30 MHz. When equipment became available that operated more efficiently and after antenna techniques were improved, it soon became clear that VHF waves were actually being bent or scattered in several ways, permitting reliable communication beyond visual distances between the two stations. This was found true even with low power and simple antennas. The average communication range can be approximated by assuming the waves travel in straight lines, but with the Earth’s radius increased by one-third. The distance to the radio horizon is then given as
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or
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where H is the height of the transmitting antenna, as shown in Figure 4.23.
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The formula assumes that the Earth is smooth out to the horizon, so any obstructions along the path must be taken into consideration. For an elevated antenna, the communication distance is equal to D + D1, that is, the sum of the distances to the horizon of both antennas. Radio horizon distances are given in graphic form in Figure 4.24. Two stations on a flat plain, one with its antenna 60 feet above ground and the other 40 feet, could be up to about 20 miles apart for strong-signal line-of-sight communication (11 + 9 miles). The terrain is almost never completely flat, however, and variations along the way may add to or subtract from the distance for reliable communication. Remember that energy is absorbed, reflected, or scattered in many ways in nearly all communication situations. The formula or the chart will be a good guide for estimating the potential radius of coverage for a VHF FM repeater, assuming the users are mobile or portable with simple, omnidirectional antennas. Coverage with optimum home-station equipment, high-gain directional arrays, and SSB or CW is quite a different matter. A much more detailed method for estimating coverage on frequencies above 50 MHz is given later in this chapter.
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For maximum use of the ordinary space wave, it is important to have the antenna as high as possible above nearby buildings, trees, wires and surrounding terrain. A hill that rises above the rest of the countryside is a good location for an amateur station of any kind, and particularly so for extensive coverage on the frequencies above 50 MHz. That highest point is not necessarily the best location for the antenna, though. In the example shown in Figure 4.25, the hilltop would be a good site in all directions. But if maximum performance to the right is the objective, a downslope in terrain results in more energy at lower elevation angles. This would involve a trade-off with reduced coverage in the opposite direction. Conversely, an antenna situated on the left side, lower down the hill, might do well to the left, but almost certainly would be inferior in performance to the right. For more information about the effect of terrain on ground reflections and elevation patterns, see the discussion of the Fresnel zone in this book’s chapter on HF Antenna System Design.
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POLARIZATION FACTORS ABOVE 50 MHZ

In most VHF communication over short distances, the polarization of the space wave tends to remain constant. Polarization discrimination is the difference in an antenna’s response to signals having the same and opposite polarizations to that of the antenna. The difference can be significant, in excess of 20 dB, so the same polarization should be used at both ends of the circuit. Horizontal polarization is the standard for terrestrial communications, except for mobiles which use vertical polarization. Circular polarization is standard for most satellite communications.

Horizontal systems are popular, in part because they tend to reject man-made noise, much of which is vertically polarized. There is some evidence that vertical polarization shifts to horizontal in hilly terrain, more readily than horizontal shifts to vertical. With large arrays, horizontal systems may be easier to erect, and they tend to give higher signal strengths over irregular terrain, if any difference is observed.

Practically all work with VHF mobiles is now handled with vertical systems. For use in a VHF repeater system, the vertical antenna can be designed to have gain without losing the desired omnidirectional quality. In the mobile station, a small vertical whip has obvious aesthetic advantages. Often, a whip used for broadcast reception can be pressed into service for 144 MHz FM. A car-top mount is preferable, but the broadcast whip is a practical compromise. Tests with at least one experimental repeater have shown that horizontal polarization can give a slightly larger service area, but mechanical advantages of vertical systems have made them the almost unanimous choice in VHF FM communication.

4.3.3 Reliable VHF Coverage

In the preceding sections we discussed means by which amateur bands above 50 MHz may be used intermittently for communication far beyond the visual horizon. In emphasizing distance, we should not neglect a prime asset of the VHF band: reliable communication over relatively short distances. The VHF region is far less subject to disruption of local communication than are frequencies below 30 MHz. Since much amateur communication is essentially local in nature, our VHF assignments can carry a great load, and such use of the VHF bands helps solve interference problems on lower frequencies.

Because of age-old ideas, misconceptions about the coverage obtainable in our VHF bands persist. This reflects the thoughts that VHF waves travel only in straight lines, except when the DX modes described above happen to be present. However, let us survey the picture in the light of modern wave-propagation knowledge and see what the bands above 50 MHz are good for on a day-to-day basis, ignoring the anomalies that may result in extensions of normal coverage.

It is possible to predict with fair accuracy how far you should be able to work consistently on any VHF or UHF band, provided a few simple facts are known. The factors affecting operating range can be reduced to graph form, as described in this section. The information was originally published in the November 1961 QST by D. W. Bray, K2LMG, (see the Bibliography at the end of this chapter).

VHF/UHF STATION GAIN

To estimate your station’s capabilities, two basic numbers must be determined: path loss and station gain. Path loss is readily determined from the nomogram in Figure 4.26. This gives path loss over smooth Earth, for 99% reliability.
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For 50 MHz, lay a straightedge from the distance between stations (left side) to the appropriate distance at the right side. For 1296 MHz, use the full scale, right center. For 144, 222 and 432, use the dot in the circle, square or triangle, respectively. Example: At 300 miles the path loss for 144 MHz is 214 dB.

To be meaningful, the losses determined from this nomogram are necessarily greater than simple free-space path losses. As described in an earlier section, communication beyond line-of-sight distances involves propagation modes that increase the path attenuation with distance.

Station gain is made up of seven factors: receiver sensitivity, transmitted power, receiving antenna gain, receiving antenna height gain, transmitting antenna gain, transmitting antenna height gain, and required signal-to-noise ratio. This looks complicated, but it really boils down to an easily made evaluation of receiver, transmitter, and antenna performance.

The information in this section is based on CW operation, so the additional signal needed for other modes must be subtracted. Use a figure of 3 dB for SSB. Fading losses must be accounted for also. It has been shown that for distances beyond 100 miles, the signal will vary plus or minus about 7 dB from the average level, so 7 dB must be subtracted from the station gain for high reliability. For distances under 100 miles, fading diminishes almost linearly with distance. For 50 miles, use –3.5 dB for fading.

The largest of the eight factors involved in station design is receiver sensitivity. This is obtainable from Figure 4.27, if you know the approximate receiver noise figure and transmission-line loss. If you can’t measure noise figure, assume 3 dB for 50 MHz, 5 for 144 or 222, 8 for 432 and 10 for 1296 MHz, if you know your equipment is working moderately well. These noise figures are well on the conservative side for modern solid-state receivers. Line loss can be taken from tables of transmission line characteristics, assuming no additional loss due to impedance mismatches.
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Next, lay a straightedge between the appropriate points at either side of Figure 4.29, to find effective receiver sensitivity in decibels with respect to 1 watt (dBW). Use the narrowest bandwidth that is practical for the emission intended, with the receiver you will be using. For CW, an average value for effective operation is about 500 Hz. Phone bandwidth can be taken from the receiver instruction manual, but it usually falls between 2.1 to 2.7 kHz. For example, if using phone with a bandwidth of 2.4 kHz and a receiver with a noise figure of 6 dB, the line between those two points will give a receiver sensitivity of –163 dBW. If line loss is 5 dB, receiver sensitivity changes to –163 dBW + 5 dB = –158 dBW.

Antenna gain is next in importance. Gains of amateur antennas are often exaggerated. For well-designed Yagis the gain (over isotropic) runs close to 10 times the boom length in wavelengths. (Example: A 24-foot Yagi on 144 MHz is 3.6 wavelengths long; 3.6 × 10 = 36, and 10 log10 36 = 15.5 dBi in free space.) Add 3 dB for stacking, where used properly. Add 4 dB more for ground reflection gain. Ground reflection gain varies in amateur work but averages out near this figure.

We have one more plus factor — antenna height gain, obtained from Figure 4.28. Note that this is greatest for short distances. The left edge of the horizontal center scale is for 0 to 10 miles, the right edge for 100 to 500 miles. Height gain for 10 to 30 feet is assumed to be zero. For 50 feet the height gain is 4 dB at 10 miles, 3 dB at 50 miles, and 2 dB at 100 miles. At 80 feet the height gains are roughly 8, 6 and 4 dB for these distances. Beyond 100 miles the height gain is nearly uniform for a given height, regardless of distance. An example is provided in the figure for an antenna height of 50 feet and a distance of 50 miles, giving a gain of 3.5 dB.
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Transmitter power output must be stated in dBW (decibels with respect to 1 watt). If you have 500 W output, add 10 log (500/1), or 27 dB, to your station gain. The transmission-line loss must be subtracted from the station gain. So must the required signal-to-noise ratio.

Add all the plus and minus terms (they are added and subtracted since they are in terms of dB) to get the station gain. This ‘station gain’ value is equivalent to the amount of loss that your station can tolerate to meet the required signal-to-ratio goal that you specified.

Enter this value as the path loss in Figure 4.28. Or work it the other way around: Find the path loss for the distance you want to cover from the nomogram and then figure out what station changes will be needed to overcome it.

For example, over a 50-mile path on 144 MHz, with a receiver sensitivity of –163 dBW, transmitted power of 20 dBW (100 watts) less 5 dB of line loss for 15 dBW, receiving antenna gain of 15 dB plus height gain of 3.5 dB, transmitting antenna gain of 12 dB plus height gain of 4.5 dB, station gain would be:

163 dBW + 15 dBW (transmitted power with 5 dB line loss) + 15 dB (receive antenna gain) + 3.5 dB (receive antenna height gain) + 12 dB (transmitted antenna gain) + 4.5 dB (transmitted antenna height gain) – 3.5 dB (fading) = 209.5 dB. That’s the allowable loss for a 0 dB SNR for CW in a 500 Hz, which can be translated to distance via Figure 4.28. Note that receiver sensitivity is treated as a positive value since this is a calculation of allowable loss and not an absolute power.

EVALUATING COVERAGE

The significance of all this becomes more obvious when we see path loss plotted against frequency for the various bands, as in Figure 4.29. At the left this is done for 50 percent reliability. At the right is the same information for 99% reliability. For near-perfect reliability, a path loss of 195 dB (easily encountered at 50 or 144 MHz) is involved in 100-mile communication. But look at the 50% reliability curve: The same path loss takes us out to well over 250 miles. Few amateurs demand near-perfect reliability. By choosing our times, and by accepting the necessity for some repeats or occasional loss of signal, we can maintain communication out to distances far beyond those usually covered by VHF stations.
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Working out a few typical amateur VHF station setups with these curves will show why an understanding of these factors is important to any user of the VHF spectrum. Note that path loss rises very steeply in the first 100 miles or so. This is no news to VHF operators; locals are very strong, but stations 50 or 75 miles away are much weaker. What happens beyond 100 miles is not so well known to many of us.

From the curves of Figure 4.29, we see that path loss levels off markedly at what is the approximate limit of working range for average VHF stations using wideband modulation modes. Work out the station gain for a 50-W station with an average receiver and antenna, and you’ll find that it comes out around 180 dB. This means you’d have about a 100-mile working radius in average terrain, for good but not perfect reliability. Another 10 dB may extend the range to as much as 250 miles. Changing from wideband modes such as FM or AM phone to SSB and CW makes a major improvement in daily coverage on the VHF bands.

A bigger antenna, a higher one if your present beam is not at least 50 feet up, an increase in power to 500 W from 50 W, an improvement in receiver noise figure if it is presently poor — any of these things can make a big improvement in reliable coverage. Achieve all of them, and you will have very likely tripled your operating range, thanks to that hump in the path-loss curves. This goes a long way toward explaining why using a 10-W packaged station with a small antenna, fun though it may be, does not begin to show what the VHF bands are really good for.

EFFECTS OF TERRAIN AT VHF/UHF

The coverage figures derived from the above procedure are for smooth terrain. What of stations in mountainous country? Although an open horizon is generally desirable for the VHF station site, mountain country should not be considered hopeless. Help for the valley dweller often lies in the optical phenomenon known as knife-edge diffraction. A flashlight beam pointed at the edge of a partition does not cut off sharply at the partition edge, but is diffracted around it, partially illuminating the shadow area. A similar effect is observed with VHF waves passing over ridges; there is a shadow effect, but not a complete blackout. If the signal is strong where it strikes the mountain range, it will be heard well at the bottom of a valley on the far side. (See the prior section on “Fundamentals of Radio Wave Propagation” for more information on diffraction.)

This is familiar to all users of VHF communications equipment who operate in hilly terrain. Where only one ridge lies in the way, signals on the far side may be almost as good as on the near side. Under ideal conditions (a very high and sharp-edged obstruction near the midpoint of a long-enough path so that signals would be weak over average terrain), knife-edge diffraction may yield signals even stronger than would be possible with an open path.

The obstruction must project into the radiated beam of the antennas used. Often mountains that look formidable to the viewer are not high enough to have an appreciable effect, one way or the other. Since the normal radiation pattern from a VHF array is several degrees above the horizontal, mountains that are less than about three degrees above the horizon, as seen from the antenna, are missed by the radiation from the array. Moving the mountains out of the way would have substantially no effect on VHF signal strength in such cases.

Rolling terrain, where obstructions are not sharp enough to produce knife-edge diffraction, still does not exhibit a complete shadow effect. There is no complete barrier to VHF propagation — only attenuation, which varies widely as the result of many factors. Thus, even valley locations are usable for VHF communication. Good antenna systems, preferably as high as possible, the best available equipment, and above all, the willingness and ability to work with weak signals may make outstanding VHF work possible, even in sites that show little promise to casual inspection.

The availability of detailed terrain data for much of the world enables software to make good predictions about coverage of VHF, UHF, and microwave signals. The software is freely available to amateurs and can run online in a web browser without having to download and install software or large databases on a PC.

Radio Mobile Online is the online version of the popular RF propagation tool Radio Mobile by Roger Coudé, VE2DBE. (ve2dbe.com/rmonline.html) It uses digital terrain information and a mathematical model to simulate coverage between two fixed sites (such as a radio link) or between a fixed site and a mobile (such as for repeater coverage).

The digital terrain information comprises two databases totaling 198 gigabytes: elevation and land cover. Its online model works with amateur bands from 30 MHz to 25 GHz. The information for both stations (whether fixed/fixed or fixed/mobile) is comprehensive. The model is based on the public-domain ITM model augmented with the author’s decades of experience in the mobile communications field. To use the service, you must first create a personal account (free) and your calculations will be saved on the system’s server for online access.

A tutorial on Radio Mobile Online is available from KØLWC — search YouTube.com for “Radio Mobile Tutorial — How To Predict Ham Radio Coverage.” Two sample outputs from Radio Mobile Online are shown in Figure 4.30: a coverage signal-strength contour map (A) and a point-to-point link map (B). Both figures are from ve2dbe.com/rme.html.
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The AREDN network (arednmesh.org) operates Ubiquiti microwave wireless networking equipment with customized firmware to support amateur radio operation. Nodes in the network are situated to offer coverage to individual stations, relay stations, and stations deployed in disaster response. To support network node setup and site selection, the Ubiquiti AirLink planning tool software is used. (link.ubnt.com)

After creating a free account, the simplest way to get started is to enter your own address, zoom out on the map, and select a nearby location. The link profile will automatically be generated as shown in Figure 4.31 which shows coverage between ARRL headquarters in Newington and nearby Hartford, CT over a 5 GHz link. A step-by-step tutorial is available at beetledigital.com/how-to-use-the-ubiquiti-airlink-tool-to-design-and-plan-wireless-network-links.

[image: ]

These are two popular and low-cost tools available to amateurs for use in the VHF, UHF, and microwave range. The AREDN group has developed a very useful guide to wireless network design at arednmesh.readthedocs.io/en/stable/arednNetworkDesign/network_modeling.html. It discusses other packages, services, and techniques that you may find valuable. This is an active group and regularly updates its website, so this is a good source for coverage and propagation planning and site evaluation.

4.3.4 Tropospheric Scatter

Contacts beyond the radio horizon out to a working distance of 100 to 500 kilometers (60 – 310 miles), depending on frequency, equipment, and local geography, are made every day without the aid of obvious propagation enhancement. At 1.8 and 3.5 MHz, local communication is due mostly to ground wave. At higher frequencies, especially in the VHF range and above, the primary mechanism is scattering in the troposphere, tropospheric scatter or troposcatter.

Most amateurs are unaware that they use troposcatter even though it plays an essential role in most local communication. Radio signals through the VHF range are scattered primarily by wavelength-sized gradients in the index of refraction of the lower atmosphere due to turbulence, along with changes in temperature. Radio signals in the microwave region can also be scattered by rain, snow, fog, clouds and dust. That tiny part that is scattered forward and toward the Earth creates the over-the-horizon paths. Troposcatter path losses are considerable and increase with frequency.

Tropospheric scatter is always with us. Its effects are often hidden, masked by more effective propagation modes on the lower frequencies. But beginning in the VHF range, scatter from the lower atmosphere extends the reliable range markedly if we make use of it. Troposcatter is what produces that nearly flat portion of the curves that were used in the section on calculating reliable VHF coverage range). With a decent station, you can consistently make troposcatter contacts out to 300 miles on the VHF and even UHF bands, especially if you don’t mind weak signals and something less than 99% reliability.

Ionospheric scatter works much the same as the tropospheric version, except that the scattering medium is higher up, mainly the E region of the ionosphere, but with some help from the D and F regions, too. Ionospheric scatter is useful mainly above the MUF, so its useful frequency range depends on geography, time of day, season, and the state of the Sun.

With near maximum legal power, good antennas and quiet locations, scatter from material 50 to 150 miles or so above the Earth can also fill in the skip zone with marginally readable signals scattered from ionized trails of meteors, from small areas of random ionization, from cosmic dust, from satellites, and from whatever else may come into the antenna’s radiation pattern.

The maximum distance that can be linked via troposcatter is limited by the height of a scattering volume common to two stations, shown schematically in Figure 4.32. The highest altitude for which scattering is efficient at amateur power levels is about 10 kilometers (6 miles). An application of the distance-to-the-horizon formula yields 800 kilometers (500 miles) as the limit for troposcatter paths, but typical maxima are about half that. Tropospheric scatter varies little with season or time of day, but it is difficult to assess the effect of weather on troposcatter alone. Variations in tropospheric refraction, which is very sensitive to the weather, probably account for most of the observed day-to-day differences in troposcatter signal strength.
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Troposcatter does not require special operating techniques or equipment, as it is used unwittingly all the time. In the absence of all other forms of propagation, especially at VHF and above, the usual working range is essentially the maximum troposcatter distance. Ordinary working range increases most dramatically with antenna height, because that lowers the take-off angle to the horizon. Working range increases less quickly with antenna gain and transmitter power. For this reason, a mountaintop is the choice location for extending ordinary troposcatter working distances.

PRECIPITATION SCATTER

Scatter from raindrops is a special case of troposcatter practical in the 3.3 to 24 GHz range. Stations simply point their antennas toward a common area of rain. A certain portion of radio energy is scattered by the raindrops, making possible over-the-horizon or obstructed-path contacts, even with low power. The theoretical range for rain scatter is as great as 600 kilometers (370 miles), but the experience of amateurs in the microwave bands suggests that expected distances are less than 200 kilometers (120 miles). Snow and hail make less efficient scattering media unless the ice particles are partially melted. Smoke and dust particles are too small for extraordinary scattering, even in the microwave bands.

4.3.5 Refraction and Ducting in the Troposphere

Radio waves are refracted by natural gradients in the index of refraction of air with altitude, due to changes in temperature, humidity and pressure. Refraction under standard atmospheric conditions extends the radio horizon somewhat beyond the visual line of sight. Favorable weather conditions further enhance normal tropospheric refraction, lengthening the useful VHF and UHF range by several hundred kilometers and increasing signal strength. Higher frequencies are more sensitive to refraction, so its effects may be observed in the microwave bands before they are apparent at lower frequencies.

Ducting takes place when refraction is so great that radio waves are bent back to the surface of the Earth. When tropospheric ducting conditions exist over a wide geographic area, signals may remain very strong over distances of 1,500 kilometers (930 miles) or more. Ducting results from the gradient created by a sharp increase in temperature with altitude, quite the opposite of normal atmospheric conditions. A simultaneous drop in humidity contributes to increased refractivity.

Normally the temperature steadily decreases with altitude, but at times there is a small portion of the troposphere in which the temperature increases and then again begins decreasing normally. This is called an inversion. Useful temperature inversions form between 250 and 2,000 meters (800-6,500 feet) above ground. The elevated inversion and the Earth’s surface act something like the boundaries of a natural open-ended waveguide. Radio waves of the right frequency range caught inside the duct will be propagated for long distances with relatively low losses. Several common weather conditions can create temperature inversions.

To support radio wave propagation via tropospheric ducting, a temperature inversion is required to be a minimum depth depending on frequency. The inversion’s depth is the difference in altitude from when the temperature begins increasing and when it again starts decreasing. Figure 12 in Chapter 3 of the ARRL UHF/Microwave Experimenter’s Manual (1990) gives the required inversion depth at various frequencies versus the index of refraction (N) lapse rate per meter. Pulling data from that figure at a typical lapse rate of ∆N/m = 0.157 gives Figure 4.33 which shows required inversion depths for ducting to occur at different frequencies.The original data only went down to 432 MHz (70 cm), so the line was extrapolated down to 50 MHz (6 meters). This plot tells us that the inversion depth under typical conditions for tropospheric ducting on 2 meters needs to be around 550 meters and it needs to be around 1,000 meters on 6 meters. If the lapse rate is greater than 0.157, less inversion depth is required.
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4.4 Propagation Predictions for HF Operation

4.4.1 The Big Picture Overhead

There are about 150 vertical-incidence ionosondes around the world. Ionosondes are located on land, even on a number of islands. There are gaps in sounder coverage, however, mainly over large expanses of open ocean. The compilation of all available vertical-incidence data from the worldwide network of ionospheric sounders results in global foF2 maps, such as the map shown in Figure 4.34, a simulation from the highly sophisticated PropLab Pro computer program. (spacew.com — listed under Geophysical Software)
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This simulation is for 1900 UTC, about four hours before East Coast sunset on September 15, 1998, with a high level of solar activity (SSN of 85) and a planetary Ap index of 5, indicating quiet geomagnetic conditions. (These conditions are typical of what is expected as we move into the peak years of solar Cycle 25.) The contours of foF2 peak over the South American longitudes at around 12 MHz. If you look carefully, you’ll see two peaks on either side of the geomagnetic equator, at about –12 degrees geographic latitude in the South American sector.

These two peaks in foF2 form what is known as the equatorial anomaly and are caused by upwelling “fountains” of high electron concentration located in daylight areas about ±20 degrees from the geomagnetic equator. The equatorial anomaly is important in transequatorial propagation. Those LU stations in Argentina that you can hear on 28 MHz from the US in the late afternoon, even during low portions of the solar cycle when other stations to the south are not coming through, are benefiting from transequatorial propagation, a form of chordal hop propagation, because signals going through this area remain in the ionosphere without lossy intermediate hops to the ground.

From records of foF2 profiles, the underlying electron densities along a path can be computed. And from the electron density profiles computerized “ray tracing” may be done throughout the ionosphere to determine how a wave propagates from a transmitter to a particular receiver location. PropLab Pro can do complex ray tracings that explicitly include the effect of the Earth’s magnetic field, even taking into effect ionospheric stormy conditions.

4.4.2 MUF Prediction

F region MUF prediction is key to forecasting HF communications paths at particular frequencies, dates, and times, but forecasting is complicated by several variables. Solar radiation varies over the course of the day, season, year, and solar cycle. Additionally, the ionization at any given point in the world depends on geomagnetic field activity and events in the lower atmosphere coupling up to the ionosphere. These regular intervals provide the main basis for prediction, yet recurrence is far from reliable. In addition, forecasts are predicated on a quiet geomagnetic field, but the condition of the Earth’s magnetic field is most difficult to predict weeks or months ahead. For professional users of HF communications, uncertainty is a nuisance for maintaining reliable communications paths, while for many amateurs it provides an aura of mystery and chance that adds to the fun of DXing. Nevertheless, many amateurs want to know what to expect on the HF bands to make best use of available on-the-air time, plan contest strategy, ensure successful net operations, or engage in other activities.

An online supplement, “Frequency Selection for HF Operation” will help you make the best use of your operating time. You may also find an article that appeared in the Summer 2008 issue of CQ VHF to be helpful with your 6-meter endeavors: “Predicting 6-meter F2 Propagation,” by Carl Luetzelschwab, K9LA.

4.4.3 Solar and Geophysical Data

An amateur radio operator interested in long-distance QSOs on any frequency benefits from being aware of where we are in a solar cycle (solar data), the current state of the Sun’s activity with respect to disturbances (geophysical data), and the fundamentals of propagation.

For solar and geophysical data, the internet can be very helpful. For example, the Space Weather Prediction Center (SWPC) website at swpc.noaa.gov can supply pretty much everything you need to know either directly or through links. Sites providing information on more specific propagation topics are referenced in the appropriate sections. Another source of useful information about solar disturbances is spaceweather.com.

The SWPC home page includes indexes for radio blackouts, solar radiation storm impacts, and geomagnetic storm impacts. Three videos are provided of recent X-ray activity (for assessment of solar radiation storms and radio black-outs), recent coronal mass ejections (for assessment of geomagnetic storms), and predicted visible aurora (which gives a general indication of radio aurora conditions). Plots of X-ray flux (for assessment of solar radiation storms and radio blackouts), proton flux (for assessment of solar radiation storms), and recent K-index activity (for assessment of geomagnetic storms) are also provided.

Under these six images are numerous links in three major categories of additional data: About Space Weather, Products and Data, and Dashboards for specific interests. The Radio dashboard is most suited to amateur radio.

There are also links to other sources of space weather information not on the SWPC website. For example, entering a specific topic (such as STEREO) in the search area in the upper right-hand corner of the home page brings up many links to NASA’s STEREO mission (which allows us to look at the backside of the Sun).

Some other useful websites are: dx.qsl.net/propagation, solen.info/solar, solarham.net, and hfradio.org/propagation.html. You may also access propagation information via your preferred spotting network server. Use the command SH/WWV/n, where n is the number of spots you wish to see (five is the default).

Another excellent method for obtaining an “equivalent sunspot number” (SSNe) is to go to the Space Weather site of NorthWest Research Associates at spawx.nwra.com/spawx/ssne24.html. NWRA compares real-time ionospheric sounder data around the world with predictions using various levels of SSN looking for the best match. They thus “back into” the actual effective sunspot number. Note that this is necessarily a best fit of ionospheric sounder data to an equivalent sunspot number — it’s not a perfect fit for all the data due to the dynamic hour-to-hour variability of the worldwide F2 region. Figure 4.35 is a typical NWRA graph, which covers the week ending October 6, 2002. This graph was selected as it clearly shows the effects of a typical space weather event: In this case, a sudden decrease in SSNe after a geomagnetic storm depressed SSNe by more than 50 percent.
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GEOPHYSICAL DATA FROM WWV AND WWVH

The standard time station WWV (Fort Collins, Colorado) transmits on 2.5, 5, 10, 15 and 20 MHz, and WWVH (Kauai, Hawaii) transmits on 2.5, 5, 10, and 15 MHz. Both of these stations are popular for propagation monitoring. They transmit 24 hours a day. Daily monitoring of these stations for signal strength and quality can quickly provide a good basic indication of propagation conditions. In addition, each hour they broadcast the geomagnetic A- and K-indexes, the 2800 MHz (10.7 cm) solar flux, and a short forecast of conditions for the next day. These are heard on WWV at 18 minutes past each hour and on WWVH at 45 minutes after the hour. The same information, along with a lot more space weather information, is available at various websites, such as swpc.noaa.gov or spaceweather.com. The K-index is updated every three hours, while the A-index and solar flux are updated after 2100 UTC. These data are useful for making predictions on home computers, especially when averaged over several days of solar flux observations. For more details about the broadcasts, visit nist.gov/pml/time-and-frequency-division/radio-stations/wwv/wwv-and-wwvh-digital-time-code-and-broadcast.

A word of caution — it’s easy to be overwhelmed with all this data. In fact, much of it has little direct relevance to radio propagation — but it certainly is colorful and interesting to look at! However, knowing the level and trends of the 10.7 cm solar flux and sunspot number, along with the level and trend of the K-index, will give a good picture of HF propagation. The more esoteric parameters may serve to aid in the analysis of a particular propagation observation.

4.4.4 MUF Forecasts

LONG-RANGE

Long-range forecasts several months ahead provide only the most general form of prediction. For many years, ARRL published charts similar to Figure 4.36 to forecast average propagation for a one-month period over specific paths. These charts are no longer published, but customizable charts are available online from voacap.com/hf. Charts like the one in Figure 4.36 assumed a single average solar flux value for the entire month and they assumed that the geomagnetic field is undisturbed.
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The uppermost curve in Figure 4.36 shows the highest frequency that will be propagated on at least 10% of the days in the month. The given values might be exceeded considerably on a few rare days. On at least half the days, propagation should be possible on frequencies as high as the middle curve. Propagation will exceed the lowest curve on at least 90% of the days. The exact MUF on any particular day cannot be determined from these statistical charts, but you can determine when you should start monitoring a band to see if propagation actually does occur that day — particularly at frequencies above 14 MHz.

SHORT-RANGE

Short-range forecasts of a few days ahead are marginally more reliable than long-range forecasts because underlying solar indexes and geomagnetic conditions can be anticipated with greater confidence. The tendency for disturbances caused by solar phenomena to recur at 27-day intervals may enhance short-term forecasts. (See the section 27-Day Recurrence) Daily forecasts may not be any better, as the ionosphere does not instantly react to small changes in solar flux (or sunspot number) and geomagnetic field indexes. Regardless of these limitations, it is always good to know the current solar and geophysical data, as well as understanding warnings provided by observations of the Sun in the visual to X-ray range.

4.4.5 HF Propagation Prediction Software

Like predicting the weather, predicting HF propagation — even with the best computer software available — is not an exact science. The processes that cause a signal to propagate from one point on the Earth to another are enormously complicated and subject to an incredible number of variables. Experience and knowledge of propagation conditions (as related to solar activity, especially unusual solar activity, such as flares or coronal mass ejections) are needed when you actually get on the air to check out the bands. Keep in mind, too, that prediction software is written mainly to calculate propagation for great-circle paths via the F region. Scatter, skew-path, auroral, and other such propagation modes may provide contacts when computer predictions indicate no contacts are possible.

Modern programs are designed for quick-and-easy predictions of propagation parameters. See Table 4.3 for a listing of a number of popular PC programs. (An online description of propagation prediction software is also available at astrosurf.com/luxorion/qsl-review-propagation-software.htm.)
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The basic input information required is the smoothed sunspot number (R12) or smoothed solar flux (F12), the date (month and day), and the latitudes and longitudes at the two ends of the radio path. The latitude and longitude, of course, are used to determine the great-circle radio path. Most commercial programs tailored for ham use allow you to specify locations by the call sign. The date is used to determine the latitude of the Sun, and this, with the smoothed sunspot number (or smoothed 10.7 cm solar flux converted to a smoothed sunspot number), is used to determine the properties of the ionosphere at critical points on the path.

A very powerful package, VOACAP is based on IONCAP, short for Ionospheric Communications Analysis and Prediction. It was written by an agency of the US government and has been under development for several decades. The IONCAP program has a well-deserved reputation for being difficult to use, since it came from the world of FORTRAN punch cards and mainframe computers.

VOACAP is a version of IONCAP adapted to Voice of America predictions, but this one includes a sophisticated Windows interface. The Voice of America (VOA) started work on VOACAP in the early 1990s and continued for several years before funding ran out. The program was maintained by a single, dedicated computer scientist, Greg Hand, at NTIA/ITS (Institute for Telecommunication Sciences), an agency of the US Department of Commerce in Boulder, Colorado. More information about VOACAP and an online app tailored for amateur radio are available from voacap.com.

ONLINE PREDICTION SERVICES

The website voacap.com by Jari Perkiömäki, OH6BG/OG6G uses VOACAP. As mentioned earlier, VOACAP includes the above-the-MUF mode mentioned earlier in the section on HF Scatter modes. If a path can withstand a bit more loss, the QSO may be completed although the MUF is below the operating frequency. And with FT8 having the ability to decode signals farther down into the noise than CW, it essentially says the MUF can be even lower than for CW. FT8 will certainly help in the summer sporadic E season, as well.

Another website, soundbytes.asia/proppy, is produced in collaboration with the RSGB’s Propagation Studies Committee. Both websites have instructions on how to input your data to generate the desired prediction.

PC PREDICTION SOFTWARE

Table 4.3 contains information about four available software packages for the home PC. These programs generally allow predictions from 3 to 30 MHz. Unfortunately, prediction programs are not available on 160 meters (because of an incomplete understanding of the lower ionosphere and ducting mechanisms that contribute to propagation on that band) and on 6 meters (because of an incomplete understanding of openings when the MUF is not predicted to be high enough). As a general guideline, you should look for 160-meter openings when the path to your target station is in darkness and around sunrise/sunset, and you should look for 6 meter F2 openings in the daytime during winter months near solar maximum.

PROPAGATION PREDICTION TABLES

The supplemental information contains detailed propagation-prediction tables from more than 150 locations around the world for six levels of solar activity, for the 12 months of the year. Again, keep in mind that these long-range forecasts assume quiet geomagnetic conditions.

4.4.6 Beacons

Automated beacons in the higher amateur bands can also be useful adjuncts to propagation watching. Beacons are ideal for this purpose because most are designed to transmit 24 hours a day.

One of the best organized beacon systems is the International Beacon Project, sponsored by the Northern California DX Foundation (NCDXF) and International Amateur Radio Union (IARU). The beacons operate 24 hours a day at 14.100, 18.110, 21.150, 24.930 and 28.200 MHz. Eighteen beacons on five continents transmit in successive 10-second intervals (each beacon transmits once every 3 minutes). More on this system can be found at the Northern California DX Foundation website ncdxf.org (click on the Beacons link on the left).

A network of automated SDR receivers called the Reverse Beacon Network (reversebeacon.net) has been created to monitor the HF CW sub-bands for signals that are automatically decoded by CW Skimmer and RTTY Skimmer software by VE3NEA (dxatlas.com). The network logs signal strength and location for the received signals, providing real-time information on HF propagation.

A list of many 28 MHz beacons can be found on the 10-10 International website, ten-ten.org (look for Beacons under the Resources link). Beacons often include location as part of their automated message, and many can be located from their call sign. Thus, even casual scanning of beacon sub-bands can be useful. Table 4.4 provides the frequencies where beacons useful to HF propagation are most commonly placed.
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There are also many beacons on VHF and higher bands. “G3USF’s Worldwide List of 50 MHz Beacons” may be found at keele.ac.uk/depts/por/50.htm. Information on North American beacons on 144 MHz and up is maintained by Ron Klimas, WZ1V, at newsvhf.com/beacons2.html.

4.4.7 Other Methods for Real-Time Assessment of the Ionosphere

Since our propagation predictions are statistical in nature over a month’s time frame, determining what the ionosphere is doing in real time can be important. In addition to using the effective sunspot number, making direct observations of our bands, monitoring WWV/WWVH on their five frequencies, and monitoring the IARU/NCDXF and other beacons as discussed previously, there are other ways to get a real-time picture of the ionosphere.

An emerging method is to use the Reverse Beacon Network (RBN — briefly discussed previously) to construct maps of F2 region critical frequencies (foF2). Applying some simple rules will allow MUFs (maximum useable frequencies) to be easily estimated. See the RBN article in the online material for general information about the RBN. Also expect to see a technical article about foF2 maps generated from RBN data in the future.

Watching the worldwide spotting network is another way to assess real-time propagation. An extension of this is to plot the paths from the spots on a worldwide map. One such presentation is at dxmaps.com/spots/map.php.

Time-and-frequency stations are also excellent indicators since they operate around the clock. See Table 4.5. WWV and WWVH are also reliable sources of propagation data, hourly, as discussed in more detail elsewhere in this chapter. And the NCDXF/IARU beacon system (ncdxf.org/pages/beacons.html) can give you a real-time picture of worldwide propagation on our 20-, 17-, 15-, 12-, and 10 meter bands.
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PROPAGATION REPORTING NETWORKS

Other real-time methods to assess propagation include the world-wide DX spotting networks and the Reverse Beacon Network. A good example of a spotting network website is DX Summit sponsored by Radio Arcala in Finland. The website DX Maps also displays contacts by band. Visit dxsummit.fi or dxmaps.com to see who is working what. You can filter spots by band, mode, and geographical area to mitigate being inundated with spots that likely don’t help.

The Reverse Beacon Network (RBN: reversebeacon.net) consists of many software defined radios (SDRs) that monitor multiple bands at once and decode CW messages. By transmitting a properly formatted short message using your call sign (typically CQ CQ CALL CALL) from these monitoring stations will be published and logged, including your signal-to-noise ratio (SNR) at each location. This allows you to assess propagation to the various monitors, and can also be used for A/B antenna comparisons. The RBN is described in an October 2016 QST article by Pete Smith, N4ZR, and Ward Silver, NØAX (see the Bibliography).

Two other propagation reporting networks are PSKReporter (pskreporter.info/pskmap.html) and WSPRnet (wsprnet.org). PSKReporter accepts reception reports for digital signals from stations around the world. The contacts are displayed on a world map which can be configured to show contacts by band and by one of several popular digital modes. Most logging software can be set up to automatically relay reception data to PSKReporter.

WSPR is a special mode that is part of the WSJT-X software suite (physics.princeton.edu/pulsar/k1jt/wsjtx.html). It is intended to act as a propagation assessment tool, using very low power. Stations receiving WSPR transmissions send reception reports to the WSPRnet server where they are stored and displayed on a map, sortable by band.

4.5 VHF/UHF Mobile Propagation

Most amateurs are aware that radio signals in free space obey the inverse-square law: the received signal power is inversely proportional to the square of the distance between the transmitting and receiving antennas. That law applies only if the transmitting and receiving antennas have an obstruction-free radio path between them.

Imagine two operators using hand-held 144 MHz radios, each standing on a mountaintop so that they have a direct line of sight. How far apart can they be and still maintain reliable communications? Assume 5 W transmitter power, 0 dBi antenna gain (2.15 dB worse than a dipole), 5 dB receiver noise figure, 10 dB S/N ratio and 12 kHz receiver bandwidth.

Ask experienced VHF mobile operators that question, and you’ll generally get guesses in the range of 20 to 30 miles because their experience tells them that’s about the most you can expect when not communicating through a repeater. The correct answer, however, is over 9,500 kilometers (5,938 miles) based on the parameters given in the previous paragraph! This also explains how some operators have been able to work the amateur radio station on the International Space Station using only a handheld transceiver.

The discrepancy is explained by the fact that the line-of-sight scenario is not realistic for a mobile station located close to ground level. At distances greater than a few miles, there usually is no line of sight — the signal is reflected at least once on its journey from transmitter to receiver. As a result, path loss is typically proportional to distance to the third or fourth power, not the second power as the inverse-square law implies.

4.5.1 Rayleigh Fading

Not only is the signal reflected, but it usually arrives at the receiver by several different paths simultaneously. See Figure 4.37. Because the length of each path is different, the signals are not in phase. If the signals on two paths happen to be 180 degrees out of phase and at the same amplitude, they will cancel. If they are in phase, then their amplitudes will add. As the mobile station moves about, the phases of the various paths vary in a random fashion. However, they tend to be uncorrelated over distances greater than λ/4 or so, which is about 20 inches on the 2 meter band. That is why if the repeater you are listening to drops out when you are stopped at a traffic light, you can often get it back again by moving forward a few inches.
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Because there are typically dozens of paths, it is rare for their amplitudes and phases to be such that they all cancel perfectly. Fades of 20 to 30 dB or more are common. The range of signal strengths has a Rayleigh distribution, named after the physicist/mathematician who first derived the mathematical formula. That is why the phenomenon is called Rayleigh fading. Figure 4.38 shows the relative probability of various signal strengths. Figure 4.39 is the same graph plotted on a logarithmic (dB) scale, along with a typical plot of signal strength versus time as the mobile station moves down the road.
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The closer a reflecting object is to the antenna, the smaller is the path loss. A reflector that is close to the transmitter or receiver antenna gives a much stronger signal than one located halfway between. Even a weak reflector, such as a tree branch or telephone pole, is significant if it is close to the mobile station. Because there are many such close-in reflectors, many rays arrive from all directions.

Rays arriving from in front of a forward-moving vehicle experience a positive Doppler frequency shift and rays from the rear have a negative Doppler shift. Those from the sides are somewhere in-between, proportional to the cosine of the angle of arrival. The received signal is the sum of all those rays, which results in Doppler spreading of the signal as illustrated in Figure 4.40. At normal vehicle speeds on the 2-meter band, the Doppler spread is only plus and minus 10 or 15 Hz, calculated from:
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Doppler frequency = Fc v/c

where

Fc = the carrier frequency

v = the vehicle speed

c = the speed of light

Use the same units for v and c. On an FM voice signal the only effect is a slight distortion of the audio, but Doppler spreading can severely affect digital signals, as will be discussed later.

4.5.2 Multipath Propagation

In addition to scattering by local reflectors, it is not uncommon also to have more than one main radio path caused by strong reflectors, such as large metal buildings located some distance away. See Figure 4.41. Each main path typically does not reach the mobile station directly but is separately Rayleigh-faded by the local reflectors.
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As the mobile station moves around, the shadowing of various paths by intervening hills, buildings and other objects causes the average signal level to fade in and out, but at a much slower rate than Rayleigh fading. This is called shadowing or slow fading. It is also called log-normal fading because the distribution of average signal levels tends to follow a log-normal curve. That means that the logarithm of the signal level (on a dB scale, if you will) has a normal distribution (the famous bell-shaped curve). This effect typically causes the average signal level on each path to vary plus and minus 10 – 20 dB (at two standard deviations) from the mean value. This is in addition to the signal variation due to Rayleigh fading.

4.5.3 Effect on the Receiver

Radio direction finding (RDF) enthusiasts have noticed that their RDF receivers usually do not give stable or accurate indications unless located on a hilltop or other location with a clear line of sight to the transmitter because of fading and reflections. The best technique is to record the bearing to the hidden transmitter from a high location clear of nearby reflecting objects, then drive in that direction and take the next reading from another (hopefully closer) hilltop. Only when close to the transmitter will the RDF equipment typically give good readings while the vehicle is in motion.

Under weak-signal conditions Rayleigh fading causes the signal to drop out periodically, even though the average signal level would be high enough to maintain reliable communications if there were no fading. Picket fencing, as such rapid periodic dropout is called, is a common occurrence when traveling in a weak-signal area at highway speeds. With analog modulation, normally the only solution is to stop at a location where the signal is strong. Moving the vehicle forward or backward a few inches is often enough to change an unreadable signal to solid copy.

Another possible solution is to employ diversity reception. If two (or more) mobile receiver antennas are spaced a half-wavelength or more apart, their Rayleigh fading will be almost entirely uncorrelated. That means it is relatively rare for both to experience a deep fade at the same time. The receiving system must have circuitry to determine which of the antennas has a stronger signal at any given time and to automatically combine the signals using some scheme that minimizes the probability of signal dropout. (One engineering text that has a fairly readable discussion of fading is Cellular Radio Performance Engineering by Asha Mehrotra; see the “References and Bibliography” section at the end of this chapter.)

One low-tech scheme is to use stereo headphones with each channel connected to a separate receiver and antenna. That method works better with linear modulation (AM, SSB, CW) than with FM because of the noise burst that occurs when the FM signal drops out.

Diversity antennas can also be used at a repeater site. The conditions are different because most repeater antennas are located in the clear with few local reflectors. The diversity antennas must be located much farther apart, typically on the order of 10 to 20 wavelengths, for the fading to be uncorrelated.

4.6 Special Propagation Modes and Topics

4.6.1 WSJT-X and WSPR

WSJT-X (Weak Signal Communication, see physics.princeton.edu/pulsar/k1jt/wsjtx.html) is a suite of digital protocols optimized for weak signal communications on HF and VHF/UHF. See the Digital Protocols and Modes chapter’s section on Structured Digital Modes and this chapter’s section on E Region Propagation. This software provides a wide variety of modes tailored for specific types of propagation. For example, FT8 is optimized for use at HF and 50 MHz; JT65 for EME on the VHF and UHF bands; JT4 for microwave bands; and JT9 especially for LF and MF. Any of these modes can be used on the HF bands to make worldwide contacts with a few watts and compromise antennas.

The WSPR mode implements a protocol that is specially designed for probing potential propagation paths with low power transmissions. WSPR transmissions carry a station’s call sign, Maidenhead grid locator, and transmitter power in dBm. The program can decode signals with a signal-to-noise ratio as low as −28 dB in a 2500 Hz bandwidth. For more details on the WSPR mode and its capabilities, visit wsprnet.org and physics.princeton.edu/pulsar/k1jt/wspr.html.

4.6.2 Sporadic E

Short skip, long familiar on the 10-meter band during the summer months, affects the VHF bands as high as 222 MHz. Sporadic E, as this phenomenon is properly called, commonly propagates 28, 50, and, less frequently, 144 MHz radio signals between 500 and 2,300 kilometers (300 and 1,400 miles). Signals are apt to be exceedingly strong, allowing even modest stations to make Es contacts. At 21 MHz, the skip distance may only be a few hundred kilometers. During the most intense Es events, skip may shorten to less than 200 kilometers (120 miles) on the 10 meter band, with no skip zone at all on 15 meters. The first confirmed 220 MHz Es contact was made in June 1987, but such contacts are likely to remain very rare. Much of what is known about Es has come as the result of amateur pioneering in the VHF range.

Note that sporadic E can also be written as E-subscript-s (Es) but is often written simply as Es (pronounced E ess). Sporadic E results from ionization at the lower boundary of the E-region, but of different origin and communication potential from the E region that affects mainly our lower amateur frequencies. [The amateur and professional literature is not strict about the name, with sporadic E and Es used regularly — Ed.]

4.6.3 Meteor Scatter

Contacts between 800 and 2,300 kilometers (500 and 1,400 miles) can be made at 28 through 432 MHz via reflections from the ionized trails left by meteors as they travel through the atmosphere. The kinetic energy of meteors no larger than grains of rice are sufficient to ionize a column of air 20 kilometers (12 miles) long in the E region. The particle itself evaporates and never reaches the ground, but the ionized column may persist for a few seconds to a minute or more before it dissipates. This is enough time to make very brief contacts by reflections from the ionized trails. Millions of meteors enter the Earth’s atmosphere every day, but few have the required size, speed, and orientation to the Earth to make them useful for meteor-scatter propagation.

Radio signals in the 30 to 100 MHz range are reflected best by meteor trails, making the 50 MHz band prime for meteor-scatter work. The early morning hours around dawn are usually the most productive, because the morning side of the Earth faces in the direction of the planet’s orbit around the Sun. The relative velocity of meteors that head toward the Earth’s morning side are thus increased by up to 30 km/sec, which is the average rotational speed of the Earth in orbit. See Figure 4.42. The maximum velocity of meteors in orbit around the Sun is 42 km/sec. Thus when the relative velocity of the Earth is considered, most meteors must enter the Earth’s atmosphere somewhere between 12 and 72 km/sec.
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4.6.4 Propagation for Space Communications

Communication of all sorts into space has become increasingly important. Amateurs confront extraterrestrial propagation when accessing satellite repeaters and transponders or when using the Moon as a reflector. (More information on operating modes such as Earth-Moon-Earth and Satellites may be found in this book’s chapter on Antennas for Space Communications and the supplemental chapter Space Communications of the ARRL Handbook.) Special propagation problems arise from signals that travel from the Earth through the ionosphere (or a substantial portion of it) and back again. Tropospheric and ionospheric phenomena, so useful for terrestrial paths, are unwanted and serve only as a nuisance for space communication. A phenomenon known as Faraday rotation may change the polarization of radio waves traveling through the ionosphere, presenting special problems to receiving weak signals. Cosmic noise also becomes an important factor when antennas are intentionally pointed into space.

SCINTILLATION

Extraterrestrial signals experience scintillation fading as they travel through the lower atmosphere, as described previously in the Tropospheric Fading section. However, they also experience scintillation fading as they traverse the ionosphere. The rule of thumb is that the ionosphere dominates below about 2 GHz and the atmosphere is usually more significant above 2 GHz. Scintillation in the ionosphere is more complex than in the troposphere because, unlike the troposphere, the ionosphere is highly anisotropic and irregularities tend to be aligned with the Earth’s magnetic field lines.

Aircraft and Spacecraft Scatter
If you run appropriate power, have a low noise receive system, and a decent antenna system, you may be able to complete a QSO using aircraft or satellite scatter. Your best chance of doing this is with the WSJT-X mode MSK144. For aircraft scatter obser-vations, visit w3sz.com/AircraftScatter.htm.


Ionospheric scintillation varies with geographical location, time of day, the 11-year solar cycle, and the presence of geomagnetic storms. Figure 4.43 shows the worldwide areas where scintillation occurs. The most intense and frequent disturbances are located within about 20 degrees of the Earth’s magnetic equator. Fading depth in this region can be as much as 20 to 30 dB. Scintillation fading is also common within about 30 degrees of the magnetic poles, although fade depths are generally no more than 10 dB or so. At mid-latitudes ionospheric scintillation is rarely an issue. Longitude is important as well. In South America, Africa and India, the frequency of occurrence is significantly lower in the southern hemisphere winter (May-August) than during the summer, while the pattern is exactly opposite in the central Pacific.
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In the polar regions disturbances occur at any time of day, but in the equatorial region they tend to start an hour or so after sunset and last a few hours, from perhaps 1900-2400 local time at the equinox. Fading events are sometimes intermittent, starting abruptly and ending abruptly some minutes later. The signal paths to slow-moving sources, such as the moon or geostationary satellites, tend to fade about once or twice a second. While not much work has been done on characterizing ionospheric scintillation fading on low Earth orbit (LEO) satellites, the fade rate should be more than an order of magnitude faster since the orbital period is typically on the order of 1.5 hours, much less than the Earth’s 24-hour rotational period.

As might be expected, sunspots also are important. Ionospheric scintillation is much more severe and frequent near the peak of the 11-year solar cycle. Geomagnetic storms also have a major effect, principally in the polar regions.

EARTH-MOON-EARTH

Amateurs have used the Moon as a reflector on the VHF and UHF bands since 1960. Maximum allowable power and large antennas, along with the best receivers, are normally required to overcome the extreme free-space and reflection losses involved in Earth-Moon-Earth (EME) paths, also known as moonbounce. More modest stations make EME contacts by scheduling operating times when the moon is at perigee (on the horizon). The Moon, which presents a target only one-half degree wide, reflects only 7% of the radio signals that reach it. Techniques must cope with Faraday rotation, cosmic noise, Doppler shift (due to the Moon’s movements), and other difficulties. Despite the problems involved, thousands of amateur stations have made contacts via the Moon on all bands from 50 MHz to 10 GHz.

In communication over the Earth-Moon-Earth (EME) route, the polarization picture is blurred, as might be expected with such a multi-layered medium. If the Moon were a flat target, we could expect a 180° phase shift from the Moon reflection process, but it is not flat. This plus the Moon’s libration (its slow oscillation, as viewed from the Earth), and the fact that waves must travel both ways through the Earth’s entire atmosphere and magnetic field, provide other variables that confuse the phase and polarization issue. Most EME enthusiasts choose to take their chances with phase and polarization problems rather than attempt large tracking arrays.

SATELLITES

Accessing amateur satellites generally does not involve huge investments in antennas and equipment, yet station design does have to account for the special challenges of space propagation. Free-space loss is a primary consideration, but it is manageable when satellites are only a few hundred kilometers distant. Free-space path losses to satellites in high-Earth orbits are considerably greater, and appropriately larger antennas and higher powers are needed.

Satellite frequencies below 30 MHz can be troublesome. Ionospheric absorption and refraction may prevent signals from reaching space, especially to satellites at very low elevations. In addition, man-made and natural sources of noise are high. VHF and especially UHF are largely immune from these effects, but free-space path losses are greater. Problems related to polarization, including Faraday rotation, intentional or accidental satellite tumbling and the orientation of a satellite’s antenna in relation to terrestrial antennas, are largely overcome by using circularly polarized antennas.

4.6.5 Propagation Below 1.8 MHz

Two bands in the LF/MF spectrum have been allocated for access by amateurs: 135.7 – 137.8 kHz and 472 – 479 kHz. It would be beneficial to review some fundamental issues with respect to propagation in these bands.

Three important parameters are involved in determining the likelihood of a signal getting from Point A to Point B. These parameters are refraction, absorption, and polarization. Although propagation is certainly different on 160 meters and 6 meters, an electromagnetic wave on both bands follows the same laws of physics. Thus, understanding how these three parameters change versus frequency will give us insight into propagation on our potentially new low frequency bands.

The amount of refraction incurred by an electromagnetic wave at a given frequency with a given electron density profile is inversely proportional to the square of the frequency. The second concept is that the amount of absorption incurred by an electromagnetic wave at a given frequency with a given electron density profile is also inversely proportional to the square of the frequency.

When undergoing refraction, as frequency decreases, the wave is bent more. Thus, waves at MF and LF don’t get as high into the ionosphere as an HF wave. This results in shorter hops. For example, a 28 MHz wave easily gets up to 300 kilometers (186 miles) and gives maximum hops around and above 4000 kilometers (2,485 miles). A wave at 1.8 MHz only gets up to something like 200 kilometers (124 miles) and gives maximum hops around 2,000 kilometers (1,243 miles). And a wave at 150 kHz only gets up to around 80 kilometers (50 miles), with maximum hops of around 1,400 kilometers (870 miles). Thus, propagation on 2200 meters and 630 meters is via shorter hops than at HF.

Regarding absorption, as frequency decreases, the wave incurs more absorption. This is why a long-distance signal on 10 meters can be well over S-9 while a long-distance signal on 160 meters is normally much nearer the noise level. But an interesting phenomenon occurs below 160 meters, which is just above the electron gyro-frequency — the frequency at which an electron spirals around a magnetic field line. Absorption actually decreases as the frequency goes below about 1.5 MHz. Also, as stated above, 150 kHz waves don’t get too high into the absorbing region at night (the lower E region). For more details, read the article titled “Physics of Propagation — Refraction Absorption Polarization” in the Basic Concepts link at the website k9la.us. In theory, highly elliptical polarization will prevail for these low frequencies. It is likely that most antennas for these bands will be vertically polarized, which should be a good match to couple the most energy into the ordinary wave.

In summary, skywave propagation on 135.7 – 137.8 kHz and 472 – 479 kHz will be via short hops between the ionosphere and the D region, but with lower absorption than on 160 meters. Tempering this lower absorption are the lower antenna efficiencies and higher received noise levels. Thus, these bands will be tough, but the amateur radio spirit will make the most of them.

This is a cursory look at propagation on our new bands. For a more detailed discussion, the December 2018 article titled “Propagation on 630m and 2200m” in the Monthly Feature link at k9la.us looks at both the ordinary wave and the extraordinary wave at these frequencies.
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Chapter 5

Antenna Modeling and RF Exposure

In this chapter’s first set of sections, we’ll look at modeling antennas on a PC. We’ll evaluate some typical antennas over flat ground and in free space. Once characterized — or even optimized for certain characteristics — these antennas can then be analyzed over real terrain using HFTA, a Windows program that performs high-frequency terrain assessment, and the other tools discussed in the HF Antenna System Design chapter. Steve Stearns, K6OIK, contributed the new sections on optimization, “thin-wire antennas,” and electromagnetic modeling software. (Also see K6OIK’s 2017 Pacificon presentation on antenna modeling, “Antenna Modeling for Radio Amateurs” at fars.k6ya.org/docs/k6oik.)

Previous editions of this book have included a special set of EZNEC-ARRL antenna model files that ran with demo versions of EZNEC. (eznec.com) With the retirement of its author, W7EL, the program is now free as EZNEC Pro+ v. 7.0 and it will run all EZNEC-ARRL models without limitations. Model files referenced in this chapter are included with this book’s online material.

5.1 Overview: Antenna Analysis By Computer

As pointed out in The Effects of Ground chapter, irregular local terrain can have a profound effect on the launch of HF signals into the ionosphere. A system approach as described in the HF Antenna System Design chapter is needed to create a scientifically planned station. Antenna modeling programs do not generally take into account the effects of irregular terrain and by “irregular” we mean any sort of ground that is not flat. Most modeling programs based on NEC-2 or MININEC do model reflections, but they do not model diffractions.

On the other hand, while a ray-tracing program like HFTA (HF Terrain Assessment by Dean Straw, N6BV — described in the HF Antenna System Design chapter) does take into account diffraction, it doesn’t explicitly factor in the mutual impedance between an antenna and the ground. Instead, HFTA makes the basic assumption that the antenna is mounted sufficiently high above ground so that the mutual impedance between an antenna and the ground is minimal.

In this chapter we’ll look at modeling the antennas themselves on the PC. We’ll evaluate some typical antennas over flat ground and also in free space. Once characterized — or even optimized for certain characteristics — these antennas can then be analyzed over real terrain using HFTA and the other tools discussed in the HF Antenna System Design chapter.

Previous editions of this book have included EZNEC-ARRL, a version of EZNEC antenna modeling software that worked with a special set of model files. Effective with this edition EZNEC 7.0 (now free from eznec.com) will run all EZNEC-ARRL models from previous editions, without limitations. Model files including those referenced in this chapter are included with this book’s downloadable supplemental information. Models created for earlier editions of this chapter have filenames beginning with “Ch8”.

5.1.1 A Short History of Antenna Modeling

With the proliferation of personal computers since the early 1980s, amateurs and professionals alike have made significant strides in computerized antenna system analysis. It is now possible for the amateur with a relatively inexpensive computer to evaluate even complicated antenna systems. Amateurs can obtain a keener grasp of the operation of antenna systems — a subject that has been a great mystery to many in the past. We might add that modern computing tools allow hams to debunk overblown claims made about certain antennas.

The most commonly encountered programs for antenna analysis are those derived from a program developed at US government laboratories called NEC, short for “Numerical Electromagnetics Code.” NEC uses a so-called Method of Moments (MoM) algorithm. (The name derives from a numerical method of dealing with accumulated errors in fields generated by current distributed along an antenna.) If you want to delve into details about the Method of Moments, see the excellent chapter in Antennas, 2nd edition, by John Kraus, W8JK. See also the article “Programs for Antenna Analysis by the Method of Moments,” by Bob Haviland, W4MB, in The ARRL Antenna Compendium, Vol 4.

The mathematics behind the MoM algorithm are pretty formidable, but the basic principle is simple. An antenna is broken down into a number of straight-line wire segments, and the field resulting from the RF current in each segment is evaluated by itself and also with respect to other mutually coupled segments. Finally, the field from each contributing segment is vector-summed to yield the total field, which can be computed for any elevation or azimuth angle desired. The effects of flat-earth ground reflections, including the effect of ground conductivity and dielectric constant, may be evaluated as well.

In the early 1980s, MININEC was written in BASIC for use on personal computers. Because of limitations in memory and speed typical of personal computers of the time, several simplifying assumptions were necessary in MININEC, limiting potential accuracy. Perhaps the most significant limitation was that perfect ground was assumed to be directly under the antenna, even though the radiation pattern in the far field did take into account real ground parameters. This meant that antennas modeled closer to ground than approximately 0.2 l sometimes gave erroneous impedances and inflated gains, especially for horizontal polarization. Despite some limitations, MININEC represented a remarkable leap forward in analytical capability. See Roy Lewallen’s (W7EL) “MININEC — the Other Edge of the Sword” in Feb 1991 QST for an excellent treatment on pitfalls when using MININEC.

Because source code was made available when MININEC was released to the public, a number of programmers produced some very capable commercial versions for the amateur market, many incorporating exciting graphics showing antenna patterns in 2D or 3D. These programs also simplify the creation of models for popular antenna types, and several come with libraries of sample antennas.

By the end of the 1980s, the speed and capabilities of personal computers had advanced to the point where PC versions of NEC became practical, and several versions are now available to amateurs. The most recent public-domain version is NEC-2 and this is the computational core that we’ll use as an example throughout this chapter.

Like MININEC, NEC-2 is a general-purpose modeling package and it can be difficult to use and relatively slow in operation for certain specialized antenna forms. Thus, custom commercial software has been created for more user-friendly and speedier analysis of specific antenna varieties, mainly Yagi arrays described in the chapter on HF Beam Antennas. Also see the sidebar, “Commercial Implementations of MININEC and NEC-2 Programs.”

The following material on antenna modeling is by necessity a summary since entire books have been written on this subject. Additional antenna modeling resources may be found on the ARRL website at www.arrl.org/antenna-modeling. We also strongly recommend that you read the Help files available with the demo version of EZNEC. It contains a wealth of practical information on the finer points of antenna modeling.

5.1.2 Comparing NEC-2 To NEC-4

The following section was contributed by Greg Ordy, W8WWV, for the 23rd edition. Another article by Greg, “How to Start Modeling Antennas Using EZNEC,” is included with this book’s downloadable supplemental information.

Two popular antenna modeling programs are EZNEC and 4nec2. They are GUI (graphical user interface) shells or wrappers that use an NEC modeling engine to perform the antenna simulation. (See the Reference section of this chapter for website URLs for these and other programs referenced in this sidebar.)

NEC versions 2 and 4 are the engines available to both modeling programs. I know of no antenna model where NEC-2 would be preferred to NEC-4. NEC-2 survives because it is free software in the public domain and NEC-4 is licensed software that costs at least several hundred dollars. Programs such as EZNEC and 4nec2 have augmented NEC-2 with extensions that address the most serious of the NEC-2 deficiencies in many models.

For a wide range of models, the choice between the NEC-2 and NEC-4 engines makes little difference. There are models, however, where the choice of engine becomes very important if the highest accuracy is desired.

This section highlights the differences between NEC-2 and NEC-4. Most of the information comes from the references included at the end of this chapter.

History

The acronym “NEC” (pronounced neck) stands for Numerical Electromagnetics Code. It is not related to the other popular use of “NEC,” which is used to refer to the National Electrical Code.

•NEC-1 was developed at the Lawrence Livermore National Lab (LLNL) in 1977. NEC-1 built upon versions 1 and 2 of the Antenna Modeling Program (AMP). They date back to 1974.

•NEC-2 was released in 1980, with its user manual dated January, 1981.

•NEC-3 was released in 1983. It addressed one of the two major problems with NEC-2. It accepts buried wires and wires that penetrate a lossy media (such as ground).

•NEC-4 was released in 1992. It extends and improves NEC-3. In particular, it corrects the problem that NEC-2 and NEC-3 have with stepped-radius wires and junctions of tightly coupled wires.

•NEC-5 was released in 2019. It improves on NEC-4 modeling of surface fields and the use of MININEC ground. It lacks several important features of NEC-3 and NEC-4 as described in its summary below.

NEC-2 is the most recent version that was released in source form without restriction into the public domain. It has been used as part of many commercial and freeware software packages. It’s safe to say that more models have been run using NEC-2 than any other modeling engine.

NEC-4 and NEC-5 are both available as discussed at ipo.llnl.gov/technologies/software/nec-v50-numerical-electromagnetic-code. To use NEC-4 or NEC-5 legally, it is necessary to obtain a license from the Lawrence Livermore National Laboratory (LLNL). The one-time license fee is a function of the intended use of the software (personal/commercial/foreign). The cost of US non-commercial individual licenses for NEC-4 is $300 and $110 for NEC-5 as of 2023. The license is non-transferable.

It is worth mentioning the MININEC modeling engine. MININEC was developed as a personal computer antenna modeling engine in 1982. It is written in the BASIC programming language as opposed to FORTRAN. Despite the name, it is not a cut down version of NEC. While it has its own set of issues and concerns, in some areas it is considered to be superior to NEC-2 and potentially even NEC-4. In particular, MININEC models stepped-radius wires accurately. MININEC has its place in the world of antenna modeling. It is available in packages such as MMANA-GAL.

In recent years, the specific version of NEC-4 that has been in common use is version 4.1. In 2011, version 4.2 was released, and is included along with version 4.1 as part of the licensed package from LLNL. Version 4.2 adds a new ground option. In some cases, it can be more accurate than the 4.1 version. Using it, however, does slow down running the model. References to NEC-4 in this chapter refer to version 4.2.

The modeling engine software dates back to the time before the explosive expansion of the power and capacity of the personal computer (PC). To provide the highest performance at the time, programmers included options such as using single-precision (32-bit) floating point computations as opposed to double-precision (64-bit) computations. After almost 30 years of PC evolution, there are very few cases where using the single-precision modeling engine makes sense. There are cases, however, where the added precision of the double-precision engine improves accuracy.

NEC-4 is more “idiot proof” than NEC-2. It has fewer idiosyncrasies and modeling guidelines to follow. To use NEC-2 effectively, you have to be smarter about how to use it, and even when to use it.

It has always been possible to directly use the NEC engines and skip the wrapper or shell programs. Be aware, however, that the original interface to NEC is a deck of punch cards on the input and a long plain-text output file intended for a line printer.

Average Gain Test

Regardless of the engine in use, it’s always a good idea to use the Average Gain Test to evaluate and increase the confidence in a model. When a model is inappropriate due to guideline violations or using an engine incorrectly, the Average Gain Test can highlight the problem.

A lossless antenna in a lossless environment radiates all incoming power in some direction. To perform the average gain test all loss is removed from the model. When run, all of the power supplied to the antenna should be captured in the pattern. If not, then the lossless antenna is acting like an amplifier or attenuator, and since it is neither, something is wrong with the results.

Details on running the Average Gain Test can be found in the program documentation. Often times the model can be adjusted to pass the test. If that is not possible, then the numeric results of the test can be used to correct the reported gain. If your model results are way out of line with common sense expectations, then it is a good time to run the Average Gain Test.

Differences Between NEC-2 and NEC-4

Stepped Wire Diameters

Perhaps the biggest failing with NEC-2 is its handling of stepped-diameter wire connections. If this sounds esoteric, please remember that telescoping aluminum tubing is used to construct many of our antennas — including the Yagi and ground-mounted vertical. When an aluminum tube slides into the next size tube, a stepped diameter situation is created. This problem was finally addressed in NEC-4, and MININEC does a good job of handling it appropriately too. If not for the ability to compensate or correct for this problem, I think it’s fair to say that NEC-2 would have been abandoned — certainly for this class of antenna.

The correction approach used was developed by Dr David Leeson, W6NL. It is detailed in Chapter 8 of his book Physical Design of Yagi Antennas. Although more than 20 years old, it is still a valuable reference for anyone who is serious about the mechanical or electrical aspects of a Yagi.

The stepped-diameter correction algorithm converts a set of coaxial and stepped wires into a single wire with a uniform diameter. The before and after elements are considered to be equivalent. The shell programs such as EZNEC and 4nec2 identify correction opportunities and apply the algorithm automatically. The corrected model is sent to the engine. Although this tight integration makes it painless to use the correction algorithm, there are a set of conditions that have to be true in order for the correction to be used. Needless to say, if you believe that the correction is being used, but it isn’t, the results will contain more error than expected.

The EZNEC Help documentation contains a complete list of the constraints on the use of the stepped diameter correction algorithm. The program also indicates when the correction is in use, but in the heat of modeling the antenna it’s possible to lose track of the status information.

Over-simplified, the correction can only be applied to a set of two or more wires that are all collinear with more than one diameter. In addition, if there the model includes a Source or Load or Transmission Line, they must be connected in the middle of the element. These constraints allow for many antenna designs, but not all.

Situations that would disable the correction include:

1. Phasing lines running down and connecting to a set of elements.

2. Loading coils or traps not located at the center of an element.

3. Wires located near the feed point used in matching networks such as the gamma or hairpin (beta) match.

4. Non-collinear wires, such as squares or rectangles in antennas such as quads or the Moxon rectangle.

5. Wires groups that are not within 15% of the half-wave resonant length (or quarter-wave resonant length for wire groups with one end grounded).

If a particular model cannot use stepped diameter correction where needed, and the highest accuracy is desired, then moving to NEC-4 (or possibly MININEC) is the solution.

While on the topic of modeling Yagis, two more correction or compensation situations warrant mention. They are compensating for the metal boom and the metal element clamps. The metal present in the boom and clamps changes the electrical length of the element.

Boom compensation for the typical HF Yagi is on the order of 1⁄8 inch per half-element. This might be smaller than the construction accuracy and is often ignored. On VHF and UHF antennas, however, where the ratio between element length and boom diameter is much lower, boom compensation is an important consideration.

The element clamping scheme also creates a need for compensation, even at HF. There are a number of clamp styles and sizes in use. Chapter 9 of Leeson’s book tackles the problem of clamp compensation. The approach converts the dimensions of a set of clamp styles into a wire length and diameter that can be located at the center of the element in the model. This is a clever way to incorporate the effect of the clamp by turning it into something that can be modeled — a fat and short wire located at the middle of the element.

The AutoEZ program from Dan Maguire, AC6LA, is a very powerful antenna modeling tool that uses EZNEC as its engine. AutoEZ incorporates the Leeson clamp models. By selecting a clamp style and then entering the dimensions, AutoEZ will compute the equivalent wire and add it to the model.

When you come across a model for a Yagi, especially an existing commercial product, and if you find a relatively short and fat wire at the center of an element it’s safe to assume that it is a proxy for the element to boom mounting clamp. This is most certainly true if the wire is not part of the mechanical specification. It’s intended to represent the effect of the actual metal clamp in the model.

The errors introduced by not using stepped diameter correction (NEC-2 only) or boom compensation, or clamp compensation, all shift the model performance in the same direction. If they are not used the model results will be shifted downward in frequency. The natural response to this result is to scale the design up in frequency, usually by shortening the elements. Now, the model results line up with the target frequency. Unfortunately, if you build the antenna using those dimensions and then measure characteristics such as SWR, you will find that the antenna performance characteristics have been shifted above the target frequency. This leads to the sad realization that your elements are too short.

The impact on the actual antenna is on the order of 1⁄2 inch per each element end on 15 meters, a little bit more on 20 meters and a little bit less on 10 meters. This is for antennas modeled using NEC-4, but without clamp or boom compensation added to the model. The size and shape of the clamps will influence the amount of compensation needed.

If the short and fat wire representing the clamp contains a NEC Source, representing the feed point, then even with NEC-4 there can be additional error in the results depending upon the segment length to diameter ratio. One approach is to use the average gain as a correction factor, or, use the stepped diameter correction algorithm even with the NEC-4 engine.

Wires Below Ground

Since before the classic paper “Ground Systems as a Factor in Antenna Efficiency” was published by Brown, Lewis and Epstein in 1937 (see the Bibliography for the chapter Effects of Ground), the topic of ground wires and radials for ground mounted vertical antennas has been discussed. If you wish to explore what modeling predicts about wires very near to the surface of the ground or buried below the surface, you must use NEC-4.

Rudy Severns, N6LF, has written extensively on the topic of radial systems, using both NEC-4 models and field measurements. His work is an excellent place to start any investigation of this topic, including the material in this book’s chapter, Effects of Ground.

If it’s not possible to model ground radial systems with NEC-2 then that should surely imply that vertical antennas with ground radials can only be modeled with NEC-4. Fortunately, that is not the case. NEC-2 has been modified to include a ground type that was first used with the MININEC engine. This is called the MININEC-type ground. In this case, the approach is to directly connect the vertical to MININEC ground, and then add a resistive Load at the base with a value chosen to simulate the expected ground resistance for the presumed radial system. Many sources such as the ARRL Antenna Book and ON4UN’s Low-Band DXing explore the topic of ground resistance for radial fields.

The use of the MININEC-type ground turns out to be a good solution because the truth is that in most cases precise modeling of radial fields is work. The MININEC solution works well for investigating vertical antennas and arrays of vertical antennas.

If you are investigating buried wires with NEC-4, but sure to use the real/high accuracy ground model. There is a general admonition against using the MININEC ground with any horizontal wire less than 0.2 wavelength above ground. Elevated radials can be modeled with either NEC-2 or NEC-4.

Other Differences

Here are two other differences between NEC-2 and NEC-4 that should be kept in mind while modeling. Quoting from the EZNEC Help documentation, “NEC has some difficulty in accurately modeling multiple wires joining at a very acute angle, such as with a “fan” antenna, the difficulty being greater with NEC-2 than with NEC-4.”

Similarly, quoting from the NEC-4.2 User’s Manual, “The size of the segments determines the resolution in solving for the current on the model, since the current is computed at the center of each segment. Earlier versions of NEC suffered a loss of precision or complete failure of the solution when very short segments were used, but this problem has been corrected in NEC-4. The extremely short segments can be used with NEC-4, subject to limitations related to the wire radius as discussed below.”

Geometry and Segmentation Checks

NEC models are built out of wires. Wires are divided into segments. The number of segments on a wire is specified by the modeler. The number of segments on a wire is an important factor in determining the accuracy of the results as well as the time it takes to run the model.

Segments are like the story of Goldilocks and the Three Bears — you do not want to use too few or too many segments. There are many trade-offs in determining the best number of segments to use.

1. Reducing the number of segments speeds up the NEC engine. Past some point, accuracy suffers because the model becomes too coarse.

2. Increasing the number of segments slows down the NEC engine. The maximum number of allowed segments may be limited by the modeling package. At some point, too many segments can reduce the accuracy of the results. This is especially true with NEC-2. Blindly using more segments is not a solution.

3. There are situations where it’s desirable to align segments between closely-spaced wires.

Fortunately the programs that drive the NEC engines include a number of checks that follow the NEC segmentation guidelines. You should observe their warnings related to the segment count. It is also possible to have the program automatically segment the wires in a model.

If there is any concern about the number of segments being used, you should perform segment convergence testing. The idea is to run a model, note the results (SWR, impedance, gain, F/B, and so on), change the number of segments, and run it again. As you move from too few toward too many segments, the results should converge. Once they do, there is little point in increasing the number of segments. If you notice that the results are very sensitive to segmentation, then it may signal a model that challenges the NEC engines, and might have less trustworthy results. 4nec2 has a convergence test option that automates much of the process. Getting segmentation correct is more important with NEC-2 than NEC-4.

5.1.3 Thin-Wire Modeling Software

The earliest programs for antenna and electromagnetic scattering analysis were “thin-wire” programs. Thin-wire programs use mathematical simplifying approximations to model antennas made of one or more straight wires, rods, and tubes, whose diameters are constant and small. Current flows longitudinally on the surface of the wire due to skin effect. Current is assumed to have circular symmetry, i.e. uniform distribution around a wire’s axis. Thin-wire codes cannot model proximity effect, when current is not equal and symmetric around a wire. NEC and MiniNEC are well known examples of early thin-wire programs. EZNEC, 4nec2, Nec2Go, and MMANA-GAL provide graphical user interfaces (GUIs) and improvements to these programs. However, other thin-wire programs, developed later, are more accurate. Some alternative, low-cost thin-wire codes, AWAS, MBC, AnSim, AN-SOF, and the recent NEC-5, are introduced here.

AWAS

AWAS is an acronym for Analysis of Wire Antennas and Scatterers. The program was developed by A.R. Djordjević at University of Belgrade, T.K. Sarkar at Syracuse University, and others. It built upon the earlier program WireZeus, and the same equations were used in the later programs WIPL-D, Tides, and HOBBIES. These programs are referred to as the Popović family of computational electromagnetics programs due to their common origin and relations. Current in wires is represented by using long segments and polynomial basis functions. The advantage of polynomial basis functions is that segments can be fewer and longer. Wires are not restricted to being straight or constant diameter. Curved wires are defined by parametric equation. A helix or coil can be defined as a single wire. Diameter can vary linearly along the length of a wire because wires are treated as right circular cones or circular frustums instead of cylinders. AWAS has a very accurate real ground model. AWAS has a Sommerfeld ground subroutine developed by T.K. Sarkar and A.R. Djordjević. It is very accurate, possibly more accurate than the one in the NEC programs. This ground code wasn’t migrated into subsequent programs in the Popović family. Modern surface codes, such as FEKO, HOBBIES, and WIPL-D, treat real ground directly as a dielectric surface of large but finite extent. The surface need not be flat.

The thin-wire codes in AWAS, WIPL-D, and HOBBIES were written by different programmers from the same equations. Some differences are in AWAS the user sets segmentation, polynomial degree and computation precision, whereas in HOBBIES segmentation and polynomial degree are automated, and computation is double precision by default. Unlike NEC, AWAS accuracy is not sensitive to acute angle junctions between wires. The program is numerically stable if wires are near other wires although, being a thin-wire code, proximity effect is not modeled. AWAS is a good alternative to NEC for thin-wire antennas. AWAS 2 runs under Windows and has an intuitive GUI or user interface but lacks an optimizer. The program is no longer sold or supported, but a free “demo” version of AWAS 2 can be downloaded from the University of Belgrade. See the software list elsewhere in this chapter.

ANSIM AND MBC

MBC is the multi-radius bridge current program developed by M. Tilston under K.G. Baslmain at University of Toronto. The equations are in the published literature and have long been considered the gold standard for thin-wire antenna analysis. The MBC program is not available commercially. It can be obtained from University of Toronto but is replaced by a newer program AnSim. AnSim is a thin-wire moment method electromagnetic modeling program based on the high-accuracy MBC equations. As with AWAS, a major advantage of AnSim over NEC and MiniNEC is better accuracy with fewer restrictions or limitations on how wires are placed or segmented. AnSim can model electrically small and medium size structures made of wires, plates, and dielectric blocks.

AnSim has limited ground models. Infinite flat perfect electrical conducting (PEC) ground is simulated by the method of images, i.e., by putting a reflected copy of an antenna symmetrically below a hypothetical ground interface. AnSim also allows ground to be modeled as a dielectric surface of large but finite size meshed into patches. The same approach is found in FEKO, HOBBIES and WIPL-D. The advantage of this approach is ground can be either flat or irregular, like real terrain. AnSim lacks an optimizer. The program has a script editor for entering commands. A GUI user interface was being developed and may be available. AnSim is sold and supported by Phoenix Antenna Systems in Perth, Ontario, Canada. An evaluation version is free, and the full program is affordably priced. See the software list elsewhere in this chapter.

AN-SOF

AN-SOF is a descendant of the EMMCAP electromagnetic program at the University of Buenos Aires, Argentina developed by T. Golden and L.A. Dorado. AN-SOF uses of an exact EFIE (electric field integral equation) and exact kernel, which give it high accuracy under geometric conditions which programs that use approximate kernels cannot model accurately, such as close-spaced wires and acute angle junctions. AN-SOF uses triangle basis functions like MiniNEC. Wires can be curved, not just straight. A curve is defined parametrically as in HOBBIES and WIPL-D. Wires are treated as circular cylinders of constant diameter. AN-SOF follows the NEC-2 and NEC-4.2 convention of putting sources at the middle of segments, whereas AWAS, WIPL-D, HOBBIES, and NEC-5 put sources at wire ends.

AN-SOF uses a two-part approach to modeling real ground that’s somewhat like MiniNEC: using one method to calculate antenna currents and switching to another for calculating far field patterns. Given ground dielectric properties, antenna currents are calculated assuming not one but many images. The method is based on a generalization of a reflection coefficient ground for dielectric surfaces that results in an infinite series of images of different strengths and depths. The generalized image method was developed by J.R. Wait and is an asymptotic approximation to Sommerfeld ground. The method of moments is used to calculate the currents in the antenna and its images. Having found the currents, far field radiation and antenna pattern are calculated by using conventional single-image complex Fresnel reflection coefficient ground as done in other programs. Although AN-SOF lacks an optimizer, it does have a good, intuitive user interface, and it allows ARRL scaling of polar plots. AN-SOF is sold and supported by Golden Engineering, in Montevideo, Uruguay. An evaluation version is free, and the full program is affordably priced. See the software list elsewhere in this chapter.

NEC-5

NEC-5 was developed by G.J. Burke and released in late 2019. It is the final iteration of the NEC family. Program development stopped with Burke’s death in 2021. NEC-5 uses different mathematics from earlier NECs and is more stable numerically. It uses a “two-potential” MoM formulation like the one used in the Popović family of modeling codes. The two-potential integral formulation leads to exact an EFIE and exact kernel. NEC-5 still uses straight line wires divided into segments and three-term (sine, cosine, and constant) basis functions. Although NEC-5 is probably the most accurate member of the NEC family, the software is the least developed. The software lacks important features that were in NEC-3 and NEC-4, such as an insulated wire option. Sources are handled differently too: sources are placed at junctions as in the Popović family (AWAS, WIPL-D, and HOBBIES), instead of mid-segment as in earlier NECs. NEC-5 lacks an optimizer. It runs by using a command script but also includes a simple user interface GUI. LLNL provides GUI source code with NEC-5. Consequently, amateur software developers can continue to add features. EZNEC’s final version can run NEC-5 if installed. Given that EZNEC and AutoEZ can run NEC-5, one can use them to operate NEC-5. The trio of NEC-5, EZNEC, and AutoEZ are powerful and affordably priced. NEC-5 is available from Lawrence Livermore National Laboratory. See the software list elsewhere in this chapter.

COMPARISONS OF THIN-WIRE CODES

Amateurs have studied and compared the thin-wire codes mentioned above. AC6LA examined numerical results for differences. GØKSC compared numerical results to experimental measurements. K6OIK examined the mathematical equations of the algorithms in the various programs. It was found that AN-SOF and NEC-5 agree with each other, and NEC-2 and NEC-4.2 agree with each other. However, the pairs disagree. Thus, NEC-5 and AN-SOF are of comparable accuracy or inaccuracy. In side-by-side comparisons AN-SOF is roughly equivalent to NEC-5 and appears to be more accurate than NEC-4.2. The reason is thought to be because AN-SOF and NEC-5 both use a two-potential EFIE and exact kernel, similar to that in AWAS, WIPL-D, and HOBBIES, whereas NEC-2 and NEC-4.2 use different integral equations with approximate kernels in their MoM calculations. Other known differences are each program handles sources and ground differently.

Delta-gap sources are known to be a source of error in MoM codes. K6OIK calculated the broadband impedance function of a dipole in free space by six methods (Induced EMF, NEC-2, NEC-4, FEKO, WIPL-D, and HOBBIES). It was found that differences in calculated impedance can be explained as differences in shunt capacitance at the source. Differences among MoM methods can be attributed to different shunt capacitances inherent to their delta-gap sources: FEKO’s delta-gap source has the smallest shunt capacitance; HOBBIES and WIPL-D’s delta-gap sources have the greatest shunt capacitance; and NEC-2 and NEC-4’s delta-gap sources have intermediate shunt capacitance. This finding explains why MoM programs have difficulty determining resonant frequency to great accuracy. Modern programs generally have better formulations than earlier programs.

Apart from accuracy, an important difference for hams is that the thin-wire codes mentioned above as well as WIPL-D and HOBBIES, do not suffer restrictions on wire proximity to other wires, nor segment length-to-diameter ratio. However thin-wire codes cannot not model proximity effect, even though they may be numerically stable if wires are near to each other. Thus NEC-5 is numerically stable if wires are in proximity of each other, but NEC-5 does not model proximity effect, nor do the other thin-wire codes. Surface-meshing codes like FEKO, WIPL, WIPL-D, or HOBBIES can model proximity effect if wires are treated as surfaces instead of wires. Applications where proximity effect is important are the electromagnetic modeling of low-Z open wire lines or computing the effect of nearby trees on antenna performance.

Numerical comparisons merely show that different programs produce different results. The question remains which program is the most accurate. This question is best answered by comparing against standard test cases for which exact solution is possible. The case of small loops over ground can be analyzed exactly. The solution is in papers by J.R. Wait. A validation test would reveal which program gives the most accurate answer.

5.1.4 Antenna and Electromagnetic Modeling Software

Originally developed at Lawrence Livermore National Laboratory (LLNL) in the 1970s, the program Numerical Electromagnetics Code or NEC is publicly available for general use and is available for personal computers running Windows, Linux, and macOS. The public version is NEC-2 (nec2.org). An updated version, NEC-4, is only available as a compiled binary program under license agreement with LLNL and is best-known to amateurs in the EZNEC-Pro software. More information about NEC is available from en.wikipedia.org/wiki/Numerical_Electromagnetics_Code.

The NEC program family (NEC, NEC-BSC, NEC-2, NEC-3, NEC-4, NEC-5) and the alternative implementation MININEC are examples of “thin wire” codes, which are limited to modeling antennas made of wires, rods, and tubes, with materials limited to non-magnetic metals.

Other programs have appeared since NEC was developed. For example, a series of programs started from B.D. Popović’s modeling program WireZeus, including AWAS, WIPL, WIPL-D, and HOBBIES. WireZeus and AWAS are thin-wire programs. WIPL and WIPL-D are professional modeling programs. HOBBIES was released in 2012 and is the newest member of the family. Most of these programs are characterized as electromagnetic “solvers” or simulators that use advanced numerical algorithms to handle general geometries and arbitrary materials.

Programs such as WIPL-D, FEKO, and HOBBIES have, in addition to a thin-wire code, the ability to model surfaces. Just as a thin-wire code divides a wire into segments, a surface code divides a surface into elementary patches by using a process called meshing. Surface meshing allows one to model irregularly shaped antennas on irregularly shaped platforms such as automobiles, airplanes, ships, and even irregular terrain. Consequently, models can include structural features such as buildings, trees, hills, and valleys, which a thin-wire code cannot model.

Figure 5.1 shows a mesh model of a car’s surface modeled as metal skin over ground. A 2 meter whip is mounted on the car’s roof. The surface has been meshed into small triangular patches by the modeling program FEKO. A source placed at the base of the whip feeds it against the roof. FEKO computes RF current in each triangular patch. Figure 5.2 shows the computed currents. Magnitude is shown as shades of grey and current direction is depicted by small arrows. Note how current concentrates around the edges of the windows. (See KI6BDR’s October 2016 QST article for more about this type of modeling.)
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HOBBIES is an acronym for “Higher Order Basis Based Integral Equation Solver.” It runs on an ordinary Windows PC, is feature rich, and is affordable for amateurs. However, it does require learning modern CAD geometry modeling and uses GiD version 10 for specifying model geometries.

Modern programs for computational electromagnetics do a better job of telling us what is going on with antennas and structures. Such programs not only allow more complex models, but their graphical output can improve our understanding of electromagnetic physics, fields, and wave propagation. See K6OIK’s 2017 Pacificon presentation on antenna modeling, “Antenna Modeling for Radio Amateurs,” at fars.k6ya.org/docs/k6oik. Tables 5.1 and 5.2 list antenna and electromagnetic modeling software as well as CAD software for working with geometries and meshes.
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5.2 The Basics of Antenna Modeling

This chapter will discuss the following antenna-modeling topics for NEC-2-based modeling software, using EZNEC as an example:

•Program outputs

•Wire geometry

•Segmentation, warnings and limitations

•Source (feed point) placement

•Environment, including ground types and frequency

•Loads and transmission lines

•Testing the adequacy of a model

While EZNEC is very popular among amateurs, two other programs also based on NEC-2 are available and widely used. 4nec2 is a free application by Arie Voors that offers a graphical interface for design and a 3-D color radiation pattern display many find useful. For Apple Macintosh users, Kok Chen, W7AY, has published cocoaNEC 2.0. Both can use the NEC-4 engine, assuming licensing permission has been obtained. See the Reference section of this chapter for more modeling software and links to the websites for these and other programs. Actively supported programs such as 4nec2 also offer tutorials via the website and user groups may also be available online to help with questions and share model files.

Antenna Modeling Tutorial – W8WWV
In addition to the material here, an additional tutorial on antenna modeling using EZNEC has been contributed by Greg Ordy, W8WWV, and is included with this book's online content. It features alternate perspectives on topics in this chapter and covers additional material in depth. The tutorial was originally presented in support of a presentation at Contest University in 2011.


5.2.1 Program Outputs

Instruction manuals for software programs traditionally start out describing in detail the input data needed by the program. They then demonstrate the output data the program can generate. We feel it is instructive, however, to turn things around and start out with a brief overview of the output from a typical antenna-modeling program.

We’ll look at the output from public-domain NEC-2. Next, we’ll look at the output information available from commercial adaptations of NEC-2, using EZNEC as an example. (From this point on in the chapter, EZNEC will refer to EZNEC Pro+ 7.0, the now-free version.) After this brief overview of the output data, we’ll look in detail at the input data needed to make a modeling program work. In the following discussions it will be very instructive if you to bring up EZNEC on your computer and open the specific modeling files used in each example.

Native NEC-2

Native NEC-2 was written in the Fortran language, which stands for Formula Translation. The original program used Hollerith punch-cards to enter the program and input data. The output of the program was raw numeric data printed on many sheets of paper. Commercial software that uses the NEC-2 computational core algorithms shields provides much easier methods of entering antenna design information and generates graphic output that is much easier to understand. Numerical tables are provided where they are useful, such as for source impedance and SWR at a single frequency, or the characteristics of a load or a transmission line. EZNEC produces the following types of graphs:

•Polar (linear-dB or ARRL-style) graphs of the far-field elevation and azimuth responses.

•3-D wire-frame graph of the total far-field response.

•Graph of the SWR across a frequency band.

•Graphical display of the RF currents on various conductors in a model.

•Rotatable, zoom-able 3-D views of the wires used to make a model.

•Output to programs capable of generating Smith charts and performing other analysis

Figure 5.3 shows the computed far-field 2-D elevation and azimuth patterns for a 135-foot long horizontal dipole, mounted in a flattop configuration 50 feet above flat ground. These figures were generated using EZNEC at 3.75 MHz. Figure 5.3C shows a 3-D wire-frame picture of the far-field response, but this time at 14.2 MHz.
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Figure 5.4 shows the computed SWR curve over the frequency range 3.0 to 4.0 MHz for this dipole, fed with lossless 50-W transmission line. EZNEC generated this plot using the “SWR” button. Figures 5.3 and 5.4 are typical of the kind of graphical outputs that commercial implementations of the NEC-2 computing core can produce — a vast improvement over tables of numbers from a mainframe computer’s line printer! Now, let’s get into the details of what kind of input data is required to run a typical method-of-moments antenna-modeling program.

[image: ]

5.2.2 Program Inputs: Wire Geometry

Coordinates in an X, Y and Z World

The most difficult part of using a NEC-type of modeling program is setting up the antenna’s geometry — you must condition yourself to think in three-dimensional, Cartesian coordinates. Each end point of a wire is represented by three numbers: an x, y and z coordinate. These coordinates represent the distance from the origin (x-axis), the width of an antenna (y-axis), and the height (z-axis).

An example should help sort things out. Figure 5.5 shows a simple model of a 135-foot center-fed dipole, made of #14 copper wire placed 50 feet above flat ground. The common term for this antenna is “flattop dipole.” For convenience, the ground is located at the origin of the coordinate system, at (0, 0, 0) feet, directly under the center of the dipole. Figure 5.6 shows the EZNEC spreadsheet-like input data for this antenna. (Use model file: Ch8-Flattop Dipole.EZ.) EZNEC allows you to specify the type of conductor material from its main window, using the Wire Loss button to open a new window. We will click on the Copper button for this dipole.
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Above the origin, at a height of 50 feet on the z-axis, is the dipole’s feed point, called a source in NEC terminology. The width of the dipole goes toward the left (that is, in the “negative-y” direction) one-half the overall length of 135 feet, or –67.5 feet. Toward the right, our dipole’s other end is at +67.5 feet. The x-axis dimension of our dipole is zero, meaning that the dipole wire is parallel to and directly above the x-axis. The dipole’s ends are thus represented by two points, whose coordinates are (0, –67.5, 50) and (0, 67.5, 50) feet. The use of parentheses with a sequential listing of (x, y, z) coordinates is a common practice among antenna modelers to describe a wire end point.

Figure 5.5B includes some other useful information about this antenna beyond the wire geometry. Figure 8.3B overlays the wire geometry, the current distribution along the wire and the far-field azimuth response, in this case at an elevation angle of 30°.

Although not shown specifically in Figure 5.5, the thickness of the antenna is the diameter of the wire, #14 AWG. Note that native NEC programs specify the radius of the wire, rather than the diameter, but programs like EZNEC use the more intuitive diameter of a wire rather than the radius. EZNEC (and other commercial programs) also allows the user to specify the wire as an AWG gauge, such as #14 or #22, for example.

We’ve represented our simple dipole in Figure 5.5 using a single, straight wire. In fact, all antenna models created for method-of-moments programs are made of combinations of straight wires. This includes even complex antennas, such as helical antennas or round loops. (The mathematical basis for modeling complex antennas is that they can be simulated using straight-wire polygons. A circular loop, for example, can be modeled using an octagon.)

Segmentation and Specifying
a Source Segment

We’ve specified the physical geometry of this simple one-wire dipole. Now several more modeling details surface — you must specify the number of segments into which the dipole is divided for the method-of-moments analysis and you must somehow feed the antenna. The NEC-2 guideline for setting the number of segments is to use at least 10 segments per half-wavelength. This is a general rule of thumb, however, and in many models more dense segmentation is mandatory for good accuracy.

In Figure 5.5, we’ve specified that the dipole be divided into 11 segments for operation on the 80 meter band. This follows the rule of thumb above, since the 135-foot dipole is about one half-wavelength long at 3.5 MHz.

Setting the Source Segment

The use of 11 segments, an odd rather than an even number such as 10, places the dipole’s feed point (a feed point is referred to as a source in NEC-speak, a word choice that can befuddle beginners) right at the antenna’s center, at the center of segment number six. In concert with the “EZ” in its name, EZNEC makes choosing the source segment easy by allowing the user to specify a percentage along the wire, in this case 50% centers the source in the middle of the segment.

At this point you may very well be wondering why no center insulator is shown in the middle of our center-fed dipole. After all, a real dipole would have a center insulator. However, method-of-moments programs assume that a source generator is placed across an infinitely small gap in the antenna wire. While this is convenient from a mathematical point of view, the unstated use of such an infinitely small gap often confuses newcomers to the world of antenna modeling. We’ll get into more details, caveats and limitations in source placement later in this chapter. For now, just trust that the model we’ve just described with 11 segments, fed at segment 6, will work well over the entire amateur band from 3.5 to 4.0 MHz.

Now, let’s consider what would happen if we want to use our 135-foot long dipole on all HF amateur bands from 3.5 to 29.7 MHz, rather than just from 3.5 to 4.0 MHz. Instead of feeding such an antenna with coax cable, we would feed it with open-wire line and use an antenna tuner in the station to create a 50-W load for the transmitter. To comply with the segmentation rule above, the number of segments used in the model should vary with frequency — or at least be segmented at or above the minimum recommended level at the highest frequency used. This is because a half-wavelength at 29.7 MHz is 16.6 feet, while a half-wavelength at 3.5 MHz is 140.6 feet. So the number of segments for proper operation on 29.7 MHz should be 10 × 135/16.6 = 81. We’ll be a little more conservative than the minimum requirement and specify 83 segments. Figure 5.6 shows the EZNEC input spreadsheet for this model. (Use model file: Ch8-Multiband Dipole.EZ.)
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The penalty for using more segments in a program like NEC is that the program slows down roughly as the square of the segments — double the number of segments and the speed drops by a factor of four (two squared). Using too few segments will result in inaccuracies, particularly in computing the feed point impedance. We’ll delve into the area of segmentation density in more detail later when we discuss testing the adequacy of a model.

Segment Length-to-Wire-Diameter Ratio

Even if you’re willing to live with the slowdown in computing speed for situations involving a large number of wire segments, you should make sure the ratio between the segment length and the diameter of any wire is greater than 1:1. This is to say that the length of each segment should be longer than the diameter of the wire to avoid internal limitations in the NEC program.

For the #14 wire specified in this simple 135-foot long dipole, it’s pretty unlikely that you’ll bump up against this limitation for any reasonable level of segmentation. After all, #14 wire has a diameter of 0.064 inch and 135 feet is 1620 inches. To stay above a segment length of 0.064 inch, the maximum number of segments is 1620/0.064 = 25,312. This is a very large number of segments and it would take a very long time to compute, assuming that your program can handle that many segments.

Staying above a 1:1 ratio in segment length to wire diameter can be more challenging at VHF/UHF frequencies, however. This is particularly true for fairly large “wires” made of aluminum tubing. Incidentally, this is another point where newcomers to antenna modeling can be led astray by the terminology. In a NEC-type program, all conductors in a model are considered to be wires, even if they consist of hollow aluminum or copper tubes. The skin effect keeps the RF current in any conductor confined to the outer surface of that conductor, and thus it doesn’t matter whether the conductor is hollow or solid, or even a number of wire strands twisted together.

Let’s look at a half-wave dipole at 420 MHz. This would be about 14.1 inches long. If you use 1⁄4-inch diameter tubing for this dipole, the maximum segment length meeting the 1:1 diameter-to-length ratio requirement is also 1⁄4 inch long. The maximum number of segments then would be 14.1/0.25 = 56.4, rounded down to 56. From this discussion you should now understand why method-of-moments programs are known for using a “thin-wire approximation.” Really fat conductors can get you into trouble, particularly at VHF/UHF.

Some Caveats and Limitations Concerning Geometry

Example: Inverted-V Dipole

Now, let’s get a little more complicated and specify another 135-foot-long dipole, but this time configured as an inverted V. As shown in Figure 5.7, you must now specify two wires. The two wires join at the top, at (0, 0, 50) feet. (Again, the program doesn’t use a center insulator in the model.)

If you are using a native version of NEC, you may have to go back to your high-school trigonometry book to figure out how to specify the end points of our “droopy” dipole, with its 120° included angle. Figure 5.7 shows the details, along with the trigonometric equations needed. EZNEC is indeed more “easy” here since it allows you to tilt the ends of each wire downward an appropriate number of degrees (in this case –30° at each end of the dipole) to automatically create an inverted-V configuration. Figure 5.8A shows the EZNEC spreadsheet describing this inverted-V dipole with a 120° included angle between the two wires.
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See the EZNEC Help section under “Wire Coordinate Shortcuts” for specific instructions on how to use the “elevation rotate end” shortcut “RE-30” to create the sloping wires easily by rotating the end of the wire down 30°. Now the specification of the source becomes a bit more complicated. The easiest way is to specify two sources, one on each end segment at the junction of the two wires. EZNEC does this automatically if you specify a so-called split-source feed. Figure 5.8B shows the two sources as two open circles at the top ends of the two wires making up the inverted-V dipole. What EZNEC is doing is creating two sources, one in each of the segments immediately on either side of the junction of the two wires. EZNEC sums up the two source impedances to provide a single result.

Navigating in the View Antenna Window

At this point it’s worthwhile to explore some of the ways you can look at the antenna you’ve designed using the EZNEC View Ant button on the main window. Bring up the file Ch8-Inverted V Dipole.EZ in EZNEC, and click on the View Ant button. You will see a small inverted-V dipole raised over the (0, 0, 0) origin on the ground directly under the feed point of the inverted-V dipole. First, “rotate” the dipole by holding down the left-mouse button and moving the mouse. You can orient the picture any way you wish.

Let’s take a closer look at the junction of the two wires at the feed point. Click the Center Ant Image checkbox toward the bottom of the window to anchor the center of the image at the center of the window, then move the Zoom slider upward to zoom in on the image. At some point the junction of the two slanted wires will move up beyond the edge of the window, so you will need to click on the left-hand side of the Z Move Image slider to bring the junction back into view. You should be able to see a zoomed view of the junction along with the two open circles that represent the location of the split sources in the middle of the segments adjacent to the wire junction.

Place the mouse cursor over one of the slanted wires and double click the left-mouse button. EZNEC will now identify that wire and show its length, as well as the length of each segment on that wire.

Short, Fat Wires and the Acute-Angle Junction

Another possible complication can arise for wires with short, fat segments, particularly ones that have only a small included angle between them. These wire segments can end up inter-penetrating within each other’s volumes, leading to problems in a model. Once you think of each wire segment as a thick cylinder, you can appreciate the difficulty in connecting two wires together at their ends. The two wires always inter-penetrate each other’s volume to some extent. Figure 5.9 depicts this problem graphically for two short, fat wires joined at their ends at an acute angle. A rule of thumb is to avoid creating junctions where more than 1⁄3 of the wire volumes inter-penetrate. You can achieve this by using longer segment lengths or thinner wire diameters.
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Some Other Practical Antenna Geometries

A Vertical Half-Wave Dipole

If you turn the 135-foot-long horizontal dipole in Figure 5.3 on its end you will create a vertical half-wave dipole that is above the origin of the x, y and z axes. See Figure 5.10 where the bottom end of the dipole is placed 8 feet off the ground to keep it away from humans and animals at (0, 0, 8) feet. The top end is thus at 8 + 135 = 143 feet off the ground at (0, 0, 143). Figure 5.10 also shows the current distribution and the elevation pattern for this antenna. (Use EZNEC model file: Ch8-Vertical Dipole.EZ.)
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A Ground-Plane Antenna

The ground-plane model is more complicated than previous ones because a total of five wires are now needed: one for the vertical radiator and four for the radials. Figure 5.11 shows the EZNEC view for a 20 meter ground plane mounted 15 feet off the ground (perhaps on a garage roof), with the overlay of both the current distribution and the elevation-plane plot. (Use EZNEC model file: Ch8-GP.EZ.) Note that the source has been placed at the bottom segment of the vertical radiator. Once again, the program needs no bottom insulator since all five wires are connected together at a common point. EZNEC reports that this antenna has a resonant feed-point impedance of about 22 W, which would show an SWR of 2.3:1 for a 50-W coax feed line if no matching system is used, such as a gamma or hairpin match.
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Figure 5.12 shows the same antenna, except that the radials have now been tilted downward by 35° to raise the feed point impedance to present an almost perfect 50-W match (SWR = 1.08:1). In addition, the length of the radiator in this model was shortened by 6 inches to re-resonate the antenna. (Use EZNEC model file: Ch8-Modified GP.EZ.) The trick of tilting the radials downward for a ground-plane antenna is an old one, and the modeling programs validates what hams have been doing for years.
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A 5-Element Horizontal Yagi

This is a little more challenging modeling exercise. Let’s use a 5-element design on a 40-foot boom, but rather than using telescoping aluminum tubing for the elements, we’ll use #14 wire. The SCALE program (available in the online material) converted the aluminum-tubing 520-40.YW to a design using #14 AWG copper wire. Table 5.3 shows the element lineup for this antenna. (Later in this chapter we’ll see what happens when telescoping aluminum tubing is used in a real-world Yagi design.)
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Some explanations of what Table 5.3 means are in order. First, only one half of each element is shown. The YW program (Yagi for Windows), included with this book’s downloadable supplemental information, computes the other half of the Yagi automatically, essentially mirroring the other half on the opposite side of the boom. Having to enter the dimensions for only half of a real-world Yagi element that uses telescoping aluminum tubing is much easier this way.

Second, the placement of the elements along the boom starts at 0.0 inches for the reflector. The distance between adjacent elements defined in this particular file is the spacing between the element itself and the element just before it. For example, the spacing between the driven element and the reflector is 72 inches and the spacing between the first director and the driven element is also 72 inches. The spacing between the second director and the first director is 139 inches.

Figure 5.13A shows the wire geometry for this Yagi array when it is mounted 720 inches (60 feet) above flat ground and Figure 5.13B shows the EZNEC Wires spreadsheet that describes the coordinates. (Use EZNEC model file: Ch8-520-40W.EZ.) You can see that the x-axis coordinates for the elements have been automatically moved by the SCALE program so that the center of the boom is located directly above the origin. This makes it easier to evaluate the effects of stacking different monoband Yagis on a rotating mast in a typical “Christmas Tree” arrangement, such as 20, 15 and 10 meter monobanders on a single rotating mast sticking out of the top of the tower.
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Figure 5.14 shows the computed azimuth pattern for this Yagi at 14.175 MHz, at an elevation angle of 15°, the angle at which the peak of the forward lobe occurs for this height above flat ground. The antenna exhibits excellent gain at 13.1 dBi, as well as a clean pattern behind the main lobe. The worst-case front-to-rear ratio at any point from 90° to 270° in azimuth is better than 23 dB. EZNEC says the feed point impedance is 25 – j 23 W, just the right impedance suited for a simple hairpin or gamma match.
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A Monoband 2-Element Quad

Unlike a Yagi, with its elements existing only in the x-y plane, a quad type of beam is a three-dimensional antenna. A quad loop has height in the z-axis, as well as width and length in the x-y plane. Each individual loop for a monoband quad consists of four wires, joined together at the corners. Figure 5.15 shows the coordinates for a 2-element 15-meter quad, consisting of a reflector and a driven element on a 10-foot boom.
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You can see that the axis of symmetry, the x-axis, runs down the center of this model, meaning that the origin of this particular x, y and z-coordinate scheme is in the center of the reflector. The (0, 0, 0) origin is placed this way for convenience in assigning corner coordinates for each element. For actual placement of the antenna at a particular height above real ground, the heights of all z-axis coordinates are changed accordingly. EZNEC has a convenient built-in function to change the height of all wires at a single stroke.

Figure 5.16 shows the input EZNEC spreadsheet for this quad in free space, clearly showing the symmetrical nature of the corner coordinates. (Use EZNEC model file: Ch8-Quad.EZ.) This is a good place to emphasize that you should enter the wire coordinates in a logical sequence. The most obvious example in this particular model is that you should group all the wires associated with a particular element together — for example, the four wires associated with the reflector should be in one place. In Figure 5.16 you can see that all four wires with an x-coordinate of zero represent the reflector.
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It’s best to follow a convention in entering wires in a loop structure in a logical fashion. The easiest way is to connect the end point of one wire to the starting point of the next wire. For example, in Figure 5.15 you can see that the left-hand end of Wire 1 is connected to the bottom of Wire 2, and that the top of Wire 2 connects to the left-hand end of Wire 3. In turn, Wire 3 connects to the top of Wire 4, whose bottom end connects to the right-hand end of Wire 1. The pattern is known as “going around the horn” meaning that the connections proceed smoothly in one direction, in this case in a clockwise direction.

You can see that the entry for the wires making up the elements in the 5-element Yagi in Figure 5.13B also proceeded in an orderly fashion by starting with the reflector, then the driven element, then director 1, then director 2 and finally director 3. This doesn’t mean that you couldn’t mix things up, say by specifying the driven element first, followed by director 3, and then the reflector, or whatever. But it’s a pretty good bet that doing so in this quasi-random fashion will result in some confusion later on when you revisit a model, or when you let another person use or review your model.

5.2.3 The Modeling Environment

The Ground

Above, when considering the 135-foot dipole mounted 50 feet above flat earth, we briefly mentioned the most important environmental item in an antenna model — the ground beneath it. Let’s examine some of the options available in the NEC-2 environment in EZNEC:

•Free space

•Perfect ground

•MININEC type ground

•“Fast” type ground

•Sommerfeld-Norton ground.

The free space environment option is pretty self-explanatory — the antenna model is placed in free space away from the influence of any type of ground. This option is useful when you wish to optimize certain characteristics of a particular antenna design. For example, you might wish to optimize the front-to-rear ratio of a Yagi over an entire amateur band and this might entail many calculation runs. The free-space option will run the fastest because there is no ground interaction to compute.

Perfect ground is useful as a reference case, especially for vertically polarized antennas over real ground. Antenna evaluations over perfect ground are shown in most classical antenna textbooks, so it is useful to compare models for simple antennas over perfect ground to those textbook cases.

MININEC type ground is useful when modeling vertical wires, or horizontal wires that are higher than 0.2 l above ground. A MININEC type ground will compute faster than either a “Fast” ground or a Sommerfeld-Norton type of ground because it assumes that the ground under the antenna is perfect, while still taking into account the far-field reflections for ground using user-specified values of ground conductivity and dielectric constant. The fact that the ground under the antenna is treated as perfect allows the NEC-2 user of a MININEC type ground to specify wires that touch (but don’t go below) the ground surface, something that only users of the advanced NEC-4 program can do with the more accurate Sommerfeld-Norton type of ground described below. (NEC-4 is presently not in the public domain. Software based on NEC-4, such as EZNEC-PRO, requires an additional license from the copyright holder — the US government. See the section Comparing NEC-2 to NEC-4 at the beginning of this chapter.) The ability to model grounded wires is useful with vertical antennas. The modeler must be wary of the feed-point source impedances reported for either horizontally or vertically polarized wires because of the perfect-ground assumption inherent in a MININEC-type ground.

The “Fast” type of ground is a hybrid type of ground that makes certain simplifying assumptions to speed up calculations, provided that horizontal wires are higher than about 0.1 λ above ground. With today’s high-speed computers, the simplifications are no longer required and the Sommerfeld-Norton model is preferred.

The Sommerfeld-Norton ground (referred to in EZNEC as “High Accuracy” ground) is preferable to the other ground models because it has essentially no practical limitations for wire height. It has the disadvantage that it runs about four times slower than a MININEC type of ground but today’s fast computers make that almost a non-issue. Again, NEC-2-based programs cannot model wires that penetrate into the ground (although there are workarounds described below).

As mentioned above, for any type of ground other than perfect ground or free space the user must specify the conductivity and dielectric constant of the soil. (See the section “Ground Parameters for Antenna Analysis” in the chapter Effects of Ground.) EZNEC allows selection of several user-friendly categories, where s is conductivity in siemens/meter and e is dielectric constant:

•Extremely poor: cities, high buildings (s = 0.001, e = 3)

•Very Poor: cities, industrial (s = 0.001, e = 5)

•Sandy, dry (s = 0.002, e = 10)

•Poor: rocky, mountainous (s = 0.002, e = 13)

•Average: pastoral, heavy clay (s = 0.005, e = 13)

•Pastoral: medium hills and forestation (s = 0.006, e = 13)

•Flat, marshy, densely wooded (s = 0.0075, e = 12)

•Pastoral, rich soil, US Midwest (s = 0.010, e = 14)

•Very Good: pastoral, rich, central US (s = 0.0303, e = 20)

•Fresh water (s = 0.001, e = 80)

•Saltwater (s = 5, e = 80)

Let’s use EZNEC’s ability to overlay one or more plots together on one graph to compare the response of the vertical ground plane antenna in Figure 5.11 for two different types of ground: Saltwater and Poor. Open the Ch8-GP.EZ file in EZNEC. Click the Ground Descrip button and then right-click anywhere in the Media window that opens up. Choose first the “Poor: rocky, mountainous” option button, click OK and then FF Plot. When the elevation plot appears, click the File menu at the top of the main window, and then Save As. Choose an appropriate name for the trace, perhaps “Poor Gnd.PF.”

Go back and select saltwater using Ground Descrip and follow the same procedure to compute the far-field plot for saltwater ground. Now, add the Poor Gnd.PF trace, by clicking menu selection File, Add Trace. Figure 5.17 shows this comparison, which greatly favors the saltwater environment, particularly at low elevation angles. At 5° the ground plane mounted over saltwater has about a 10 dB advantage compared to its landlocked cousin.
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You might be wondering what happens if we move the ground-plane antenna down closer to the ground. The lower limit to how closely radials may approach lossy ground is 0.001 l or twice the diameter of the radial wire. A distance of 0.001 l is about 6 inches at 1.8 MHz and 0.4 inch at 30 MHz. While NEC-2-based programs cannot model wires that penetrate the ground, radial systems just above the ground with more than about eight radial wires can provide a work-around to simulate a direct-ground connection.

Modeling Environment: Frequency

It’s always a good idea to evaluate an antenna over a range of frequencies, rather than simply at a single spot frequency. Trends that become quite apparent on a frequency sweep are often lost when looking simply at a single frequency. Native NEC-2 has built-in frequency sweep capabilities but once again the commercial programs make the process easier to use and understand. You saw in the SWR curve of Figure 8.2 the result of one such frequency sweep using EZNEC. Figure 5.18 shows a frequency sweep of the azimuth response for the 5-element Yagi in Figure 5.13 across the 20 meter band, using steps of 117 kHz so there are four evaluation frequencies. At 14.0 MHz this Yagi’s gain is down a small amount compared to the gain at 14.351 MHz but the rearward pattern is noticeably degraded, dropping to a front-to-back ratio of just under 20 dB.
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EZNEC can save frequency sweeps of elevation (or azi-muth) patterns to a series of output plot files. In essence, the program automates the process described above for saving a plot to disk and then overlaying it on another plot. EZNEC can save the following parameters to a text file for later analysis (or perhaps importation into a spreadsheet) chosen by the user:

•Source data

•Load data

•Pattern data

•Current data

•MicroSmith numeric data

•Pattern analysis summary.

Frequency Scaling

EZNEC has a very useful feature that allows you to create new models scaled to a new frequency. You invoke the algorithm used to scale a model from one frequency to another by checking the Rescale box after you’ve clicked the Frequency button. EZNEC will scale all model dimensions (wire length, height and diameter) except for one specific situation — if you originally specified wire size by AWG gauge, the wire diameter will stay the same at the new frequency. For example, #14 copper wire for a half-wave 80-meter dipole will stay #14 copper wire when the antenna is scaled to become a 20-meter half-wave dipole. If, however, you specified diameter as a floating point numeric value originally (such as 0.064 inch), the diameter will be scaled by the ratio of new to old frequency, along with wire length and height.

Start up EZNEC and open up the file Ch8-520-40W.EZ for the 5-element 20-meter Yagi on a 40-foot boom. Click the Frequency box and then check the Rescale check box. Now, type in the frequency of 28.4 MHz and click OK. You have quickly and easily created a new 5-element 10-meter Yagi, that is mounted 29.9949 feet high, the exact ratio of 28.4 MHz to 14.1739 MHz, the original design frequency on 20 meters. Click the FF Plot button to plot the azimuth pattern for this new Yagi. You will see that it closely duplicates the performance of its 20 meter sibling. Click Src Dat to see that the source impedance is 25.38 – j 22.19 W, again very close to the source data for the 20-meter version.

5.2.4 Revisiting Source Specification

Sensitivity to Source Placement

Earlier, we briefly described how to specify a source on a particular segment using EZNEC. The sources for the relatively simple dipole, Yagi and quad models investigated so far have been in the center of an easy-to-visualize wire. The placement for the source on the vertical ground plane was at the bottom of the vertical radiator, an eminently logical place. In the other cases we specified the position of the source at 50% of the distance along a wire, given that the wire being fed had an odd number of segments. Please note that in each case so far, the feed point (source) has been placed at a relatively low-impedance point, where the current changes relatively slowly from segment to segment.

Now we’re going to examine some subtler source-placement problems. NEC-2 is well-known as being very sensitive to source placement. Significant errors can result from a haphazard choice of the source segment and the segments surrounding it.

Let’s return to the inverted-V dipole in Figure 5.7. The first time we evaluated this antenna (Ch8-Inverted V Dipole.EZ) we specified a split source in EZNEC. This function uses two sources, one on each of the segments immediately adjacent to the junction of the two downward slanting wires.

Another common method to create a source at the junction of two wires that meet at an angle is to separate these two slanted wires by a short distance and bridge that gap with a short straight wire which is fed at its center. Figure 5.19 shows a close-up of this scheme in which the length of the segments surrounding the short middle wire are purposely made equal to the length of the middle wire bridging the gap between them. The segmentation for the short middle wire is set to one. Table 5.4 lists the source impedance and the maximum gain the EZNEC computes for four different models:
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1. Ch8-Inverted V Dipole.EZ (the original model)

2. Ch8-Inverted V Dipole Triple Segmentation.EZ

3. Ch8-Modified Inverted V Dipole.EZ (as shown in Figure 5.19, for the middle wire set to be 2 feet long)

4. Ch8-Mod Inverted V Poor Segmentation.EZ (where the number of segments on the two slanted wires have been increased to 200)

Case 2 shows the effect of tripling the number of segments in Case 1. This is a check on the segmentation, to see that the results are stable at a lower level compared to a higher level of segmentation (which theoretically is better although slower in computation). We purposely set up Case 4 so that the lengths of the segments on either side of the single-segment middle wire are significantly different (0.33 feet) compared to the 2-foot length of the middle wire.

The feed point and gain figures for the first three models are close to each other. But you can see that the figures for the fourth model are beginning to diverge from the first three, with about a 5% overall change in the reactance and resistance compared to the average values, and about a 3% change in the maximum gain. This illustrates that it is best to keep the segments surrounding the source equal or at least close to equal in length. We’ll soon examine a figure of merit called the Average Gain test, but it bears mentioning here that the average gain test is very close for the first three models and begins to diverge for the fourth model.

Things get more interesting if the source is placed at a high-impedance point on an antenna — for example, in the center of a full-wave dipole — the value computed for the source impedance will be high and the results will be quite sensitive to the segment lengths. We’ll repeat the computations for the same inverted-V models, but this time at twice the operating frequency, at 7.5 MHz.

Table 5.5 summarizes the results. The source impedance is high, as expected. Note that the resistance term varies quite a bit for all four models with a range of about 23% around the average value. Interestingly, the poorly segmented model’s resistance falls in between the other three. The reactive terms are closer for all four models but still cover a range of 4% around the average value. Maximum gain shows the same tendency to be somewhat lower in the fourth model compared to the first three and thus looks as potentially untrustworthy at 7.5 MHz as it does at 3.75 MHz.
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This is, of course, a small sampling of segmentation schemes and caution dictates that you shouldn’t take these results as being representative of all possibilities. Nevertheless, the lesson to be learned here is that the feed-point (source) impedance can vary significantly at a point where the current is changing rapidly, as it does at a high impedance point on the antenna. Another general conclusion that can be drawn from Tables 5.4 and 5.5 is that more segments, particularly if they surround the source segment improperly, is not necessarily better.

Voltage and Current Sources

Before we leave the topic of sources, you should be aware that programs like EZNEC and others have the ability to simulate both voltage sources and current sources. Although native NEC-2 has several source types, voltage sources are the most commonly used by amateurs. Native NEC-2 doesn’t have a current source but a current source is nothing more than a voltage source delivering current through a high impedance. Basic network theory says that every Thevenin voltage source has a Norton current source equivalent.

Various commercial implementations of NEC-2 approach the creation of a current source in slightly different fashions. Some use a high value of inductive reactance as a series impedance, while others use a high value of series resistance. Why would we want to use a current source instead of a voltage source in a model? The general-purpose answer is that models containing a single source at a single feed point can use a voltage source with no problems. Models that employ multiple sources, usually with different amplitudes and different phase shifts, do best with current sources.

For example, driven arrays feed RF currents at different amplitudes and phase shifts into two or more elements. The impedances seen at each element may be very different — some impedances might even have negative values of resistance, indicating that power is flowing out of that element into the feed system due to mutual coupling to other elements. Having the ability to specify the amplitude and phase of the current rather than a feed voltage at a feed point in a program like EZNEC is a valuable tool.

Next, we examine one more important aspect of building a model — setting up loads. After that, we’ll look into two tests for the potential accuracy of a model. These tests can help identify source placement, as well as other problems.

5.2.5 Loads

Many ham antennas, in particular electrically short ones, employ some sort of loading to resonate the system. Sometimes loading takes the form of capacitance hats, but these can and should be modeled as wires connected to the top of a vertical radiator. A capacitance hat is not the type of loading we’ll explore in this section.

Here, the term loads refers to discrete inductances, capacitances and resistances that are placed at some point (or points) in an antenna system to achieve certain effects. One fairly common form of a load is a loading coil used to resonate an electrically short antenna. Another form of load often seen in ham antennas is a trap. EZNEC has a special built-in function to evaluate parallel-resonant traps, even at different frequencies beyond their main parallel resonance.

Just for reference a more subtle type of load is a distributed material load. We encountered just such a load in our first model antenna, the 135-foot long flattop dipole — although we didn’t identify it specifically as a load at that time. Instead, it was identified as a “wire loss” associated with copper.

The NEC-2 core program has the capability of simulating a number of built-in loads, including distributed material and discrete loads. EZNEC implements the following discrete loads:

•Series R ± j X loads.

•Series R-L-C loads, specified in W of resistance, µH of inductance and pF of capacitance.

•Parallel R-L-C loads, specified in W of resistance, µH of inductance and pF of capacitance.

•Trap loads, specified in W of resistance in series with µH of inductance, shunted by pF of capacitance, at a specific frequency.

•Laplace loads, specified as mathematical Laplace coefficients (sometimes used in older modeling programs and left in EZNEC for backward compatibility).

It is important to recognize that the discrete loads in an antenna modeling program do not radiate and they have zero size which is why NEC-2 discrete loads are described as being mathematical loads. The fact that NEC-2 loads do not radiate means that the popular mobile antennas that use helical loading coils wound over a length of fiberglass whip cannot be modeled accurately with NEC-2 because such coils do radiate.

Let’s say that we want to put an air-wound loading coil with an unloaded Q of 400 at the center of a 40-foot long, 50-foot high, flattop dipole so that it is resonant at 7.1 MHz. The schematic of this antenna is shown in Figure 5.20. Examine the modeling file Ch8-Loaded Dipole.EZ to see how a discrete series-RL load is used to resonate this short dipole at 7.1 MHz, with a feed-point (source) impedance of 25.3 W. This requires a series resistance of 1.854 W and an inductive reactance of +741.5 W. Note that we again used a single wire to model this antenna, and that we placed the load at a point 50% along the length of the wire.
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Specifying this value of reactance represents a 16.62 µH coil with an unloaded Q of 741.5/1.854 = 400 which is just what we wanted. Let’s assume for now that we use a perfect transformer to transform the 25.3-W source impedance to 50 W. If we now attempt to run a frequency sweep over the whole 40 meter band from 7.0 to 7.3 MHz, the load reactance and resistance will not change, since we specified fixed values for reactance and resistance. Hence, the source impedance will be correct only at the frequency where the reactance and resistance are specified since the reactance of an actual coil changes with frequency.

Let’s use a different type of load, a 16.62 µH coil with a series 1.854-W resistance at 7.1 MHz. We’ll let EZNEC take care of the details of computing both the reactance and the changing series resistance at various frequencies. The degree that both reactance and series loss resistance of the coil change with frequency may be viewed using the Load Dat button from the main EZNEC window. By specifying inductance or capacitance, the model’s reactance will change with frequency as expected.

Figure 5.21 shows the computed SWR curve for a 25.3-W Alt SWR Z0 reference resistance. The 2:1 SWR bandwidth is about 120 kHz. As could be expected, the antenna has a rather narrow bandwidth because it is electrically short.
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5.2.6 Accuracy Tests

There are two tests that can help identify accuracy problems in a model:

•The Convergence test.

•The Average Gain test.

Convergence Test

The idea behind the Convergence test is simple: If you increase the segmentation in a particular model and the results change more than you’d like, increase the segmentation until the computations converge to a consistent answer. This process has the potential for being subjective but simple antenna models do converge quickly. In this section, we’ll review several more of the antennas discussed previously to see how they converge.

Let’s go back to the simple dipole in Figure 5.5. The original segmentation was 11 segments, but we’ll start with a very low value of segmentation of three, well below the minimum recommended level. Table 5.6 shows how the source impedance and gain change with increase in segmentation at 3.75 MHz. For this simple antenna, the gain levels off at 6.50 dBi when segmentation has reached 11 segments. Going to ten times the minimum-recommended level (to 111 segments) results in an increase of only 0.01 dBi in the gain.
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Arguably, the impedance has also stabilized by the time we reach a segmentation level of 11 segments, although purists may opt for 23 segments. The tradeoff is a slowdown in computational speed.

Let’s see how the 5-element Yagi model converges with changes in segmentation level. Table 5.7 shows how the source impedance, gain, 180° front-to-back ratio and worst-case front-to-rear ratio change with segmentation density. By the time the segmentation has reached 11 segments per wire, the impedance and gain have stabilized quite nicely, as has the F/R. The 180° F/B is still increasing with segmentation level until about 25 segments, but a relatively small shift in frequency will change the maximum F/B level greatly. For example, with 11 segments per wire, shifting the frequency to 14.1 MHz — a shift of only 0.5% — will change the maximum 180° F/B from almost 50 dB down to 27 dB. For this reason the F/R is considered a more reliable indicator of the adequacy of the segmentation level than is F/B.

Average Gain Test

The theory behind the Average Gain test is a little more involved. Basically, if you remove all intentional losses in a model and if you place the antenna either in free space or over perfect ground, then all the power fed to the antenna should be radiated by it. Internally, the program runs a full 3-D analysis, adding up the radiated power in all directions and dividing that sum by the total power fed to the antenna. Ideally, the ratio of input power to radiated power should be unity. Since NEC-2 is very sensitive to source placement, as mentioned before, the Average Gain test is a good indicator if something is wrong with the specification of the source.

Various commercial versions of NEC-2 handle the Average Gain test in different ways. EZNEC requires the operator to turn off all distributed losses in wires or set to zero any discrete resistive losses in loads. Next set the ground environment to free space (or perfect ground) and request a 3-D pattern plot. EZNEC will then report the average gain, which will be 1.000 if the model has no problems. Average gain can be lower or higher than 1.000 but if it falls within the range 0.95 to 1.05 it is usually considered adequate.

As L. B. Cebik, W4RNL has stated: “Like the convergence test, the average gain test is a necessary but not a sufficient condition of model reliability.” Pass both tests, however, and you can be pretty well sure that your model represents reality. Pass only one test, and you have reason to worry about how well your model represents reality.

Once again, open the model file Ch8-Mod Inverted V Poor Segmentation.EZ and set Wire Loss to zero, Ground Type to Free Space and Plot Type to 3-Dimensional. Click on the FF Plot button. EZNEC will report that the Average Gain is 0.955 = –0.2 dB. This is very close to the lower limit of 0.95 considered valid for excellent accuracy. This is a direct result of forcing the segment lengths adjacent to the source segment to be considerably shorter than the source segment’s length. The gain reported using this test would be approximately –0.2 dB from what it should be — just what Table 5.5 alludes to also.

Now, let’s revisit the basic model Ch8-Inverted V Dipole.EZ and look at Case 2 in Table 5.5. Case 2 amounts to a Convergence test for the basic inverted-V model. Since the impedance and gain changes were small comparing the basic model to the one using three times the number of segments, the model passed the Convergence test. The Average Gain test for the basic model yields a value of 0.991, well within the limits for good accuracy. This model has thus passed both tests and can be considered accurate.

Running the Average Gain test for the 5-element Yagi (using 11 segments per wire and whose convergence we examined in Table 5.7) yields a value of 0.996, again well within the bounds indicating a good model. The simple flattop dipole with 11 segments at 3.75 MHz yields an Average Gain result of 0.997, again indicating a very accurate model.
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5.2.7 Other Possible Model Limitations

Programs based on the NEC-2 core computational code have several well-documented limitations that you should know about. Some limitations have been removed in the restricted-access NEC-4 core (which is not generally available to users), but other limitations still exist, even in NEC-4.

Closely Spaced Wires

If wires are spaced too close to each other, the NEC-2 core can run into problems. If the segments are not carefully aligned, there also can be problems with accuracy. The worst-case situation is where two wires are so close together that their volumes actually merge into each other as we discussed earlier for wire junctions. This can happen where wires are thick, parallel to each other and close together. You should keep parallel wires separated by at least several wire diameters.

For example, #14 AWG wire is 0.064 inch in diameter. The rule then is to keep parallel #14 wires separated by more than 2 × 0.064 = 0.128 inch. And you should run the Convergence test to assure yourself that the solution is indeed converging when you have closely spaced wires, especially if the two wires have different diameters. To model antennas containing closely spaced wires, very often you will need many more segments than usual and you must also carefully ensure that the segments align with each other.

Things can get a little more tricky when wires cross over or under each other, simply because such crossings are sometimes difficult to visualize. Again, the rule is to keep crossing wires separated by more than two diameters from each other and if you intend to join two wires together, make sure you do so at the ends of the two wires, using identical end coordinates. When any of these rules are violated, the Convergence and Average Gain tests will usually warn you of potential inaccuracies.

Parallel-Wire Transmission Lines and LPDAs

A common example of problems with closely spaced wires is when someone attempts to model a parallel-wire transmission line. NEC-2-based programs usually do not work as well in such situations as do MININEC-based programs. The problems are compounded if the diameters are different for the two wires simulating a parallel-wire transmission line. In NEC-2 programs, it is usually better to use the built-in “perfect transmission line” function than to try to model closely spaced parallel wires as a transmission line.

For example, a Log Periodic Dipole Array (LPDA) is composed of a series of elements fed using a transmission line that reverses the phase 180° at each element. (See the Frequency Independent Antennas chapter.) In other words, the ele-ments are connected to a transmission line that reverses connections left-to-right at each element. It is cumbersome to do so, but you could model such a transmission line using separate wires in EZNEC but it is a potentially confusing and a definitely painstaking process. Further, the accuracy of the resulting model is usually suspect, as shown by the Average Gain test.

It is far easier to use the Trans Lines function from the EZNEC main window to accurately model an LPDA.

Fat Wires Connected to Skinny Wires

Another inherent limitation in the NEC-2 computational core shows up when modeling many Yagis and some quads: popular amateur antennas.

Tapered Elements

As mentioned before, many Yagis are built using telescoping aluminum tubing. This technique saves weight and makes for a more flexible and usually stronger element, one that can survive wind and ice loading better than a single-diameter “monotaper” element design. Many vertical antennas are also constructed using telescoping aluminum tubing.

Unfortunately, native NEC-2 doesn’t model accurately such tapered elements, as they are commonly called. There is, however, a sophisticated and accurate workaround for such elements, called the Leeson corrections. Derived by Dave Leeson, W6NL, from pioneering work by Schelkunoff at Bell Labs, these corrections compute the diameter and length of an element that is electrically equivalent to a tapered element. This monotaper element is much easier to use in a program like NEC-2. (See the HF Beam Antennas chapter for more information on tapered elements.)

EZNEC and other NEC-2 programs can automatically invoke the Leeson corrections, providing that some basic conditions are met — and happily, these conditions are true for the telescoping aluminum-tubing elements commonly used as Yagi elements. EZNEC gives you the ability to disable or enable Leeson corrections, under the Option menu, under Stepped Diameter Correction, EZNEC’s name for the Leeson corrections. Open the modeling file 520-40H.EZ, which contains tapered aluminum tubing elements and compare the results using and without using the Leeson corrections.

Table 5.8 lists the differences over the 20-meter band, with the 5-element Yagi at a height of 70 feet above flat ground. You can see that the non-Leeson corrected figures are very different from the corrected ones. At 14.3 MHz, the pattern for the non-corrected Yagi has degenerated to a F/R of 3.1 dB, while at 14.4 MHz, just outside the top of the amateur band, the pattern for the non-corrected antenna actually has reversed. Even at 14.2 MHz, the non-corrected antenna shows a low source impedance, while the corrected version exhibits smooth variations in gain, F/R and impedance across the whole band, just as the actual antenna exhibits.
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Some Quads

Some types of cubical quads are made using a combination of aluminum tubing and wire elements, particularly in Europe where the “Swiss” quad has a wide following. Again, NEC-2-based programs don’t handle such tubing/wire elements well. It is best to avoid modeling this type of antenna, although there are some ways to attempt to get around the limitations, ways that are beyond the scope of this chapter.

5.2.8 Near-Field Outputs

FCC regulations set limits on the maximum permissible exposure (MPE) allowed from the operation of radio transmitters. These limits are expressed in terms of the electric (V/m) and magnetic fields (A/m) close to an antenna. NEC-2-based programs can compute the electric and magnetic near fields and the FCC accepts such computations to demonstrate that an installation meets their regulatory requirements. See the section on “RF Safety” in the Safe Practices chapter. We’ll continue to use the 5-element Yagi at 70 feet to demonstrate a near-field computation. Open Ch8-520-40H.EZ in EZNEC and choose Setups and then Near Field from the menu at the top of the main window. Let’s calculate the E-field and H-field intensity for a power level of 1500 W (chosen using the Options, Power Level choices from the main menu) in the main beam at a fixed distance, say 50 feet, from the tower base. We’ll do this at various heights, using 10-foot increments of height, in order to see the lobe structure of the Yagi at 70 feet height.

Table 5.9 summarizes the total H- and E-field intensities as a function of height. As you might expect, the fields are strongest directly in line with the antenna at a height of 70 feet. At ground level, the total fields are well within the FCC limits for RF exposure for both fields. In fact, the fields are within the FCC limits if someone were to stand at the tower base, directly under the antenna.
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5.3 Optimizers in Antenna Modeling

Optimizers have become an indispensable tool of design engineering in technical fields. Optimizers are found in professional software tools for computer aided engineering (CAE), computer aided design (CAD), computational electromagnetics (CEM), electronic design automation (EDA), circuit analysis, electrical engineering, mechanical engineering, and physics. Some inexpensive antenna modeling software tools have optimizers too.

An optimizer relieves a designer of the drudgery of finding the best design by trial and error. A computer can analyze many trial designs in far less time than it takes to build and test prototypes. The fastest and most efficient optimizers have a search strategy or method like artificial intelligence (AI). Optimization is a powerful tool in the hands of a skilled designer. Optimization is best used in the later stages of a design process to fine-tune key elements. However, using an optimizer blindly or expecting too much from it can disappoint. An optimizer is no substitute for human skill.

5.3.1 Variables, Goals, and Methods

To perform an optimization, a modeling program needs three things to be specified: variables, goals, and an optimization method. Each is described below.

VARIABLES

The variables in a model are the parameters that are to be varied in search of better performance. Examples of variables are antenna dimensions, height above ground, orientation in space, the values of lumped elements in loads and traps, and the lengths and impedances of transmission line segments. Electromagnetic simulations take more time than circuit simulations to run. To avoid excessive run times, the number of variables should be kept small, to no more than about 20 variables.

Each variable represents a number that lies in an interval. For each variable, an initial value, and a range of allowed values are specified. The endpoints of the interval (minimum and maximum values) must be specified for each variable. For example, the height of a horizontal dipole might be specified as a variable h that lies between 10 feet and 100 feet. Dipole heights are positive numbers, whereas the height of radials can be positive (elevated) or negative (buried).

For successful optimizations, initial values should be close to the optimal values being sought. The range of values should be no larger than necessary. Given good initial values, an optimizer can more quickly converge or “zero in” on optimum values for all variables.

GOALS

A goal is a specification of what the optimizer should try to achieve and when to stop. Examples of optimization goals are:

•Gain in a specified direction > 6 dBi

•Maximum gain in a specified sector < –10 dBi

•SWR < 2 at all frequencies in a specified band of frequencies

•Front-to-rear ratio > 8 dB at a specified frequency

More generally, a goal is a statement of a mathematical inequality between an antenna or circuit response and a threshold number.

Is more better or is less better? That is the question. If more is better, the response is called a “figure of merit,” a “fitness” function, or an “objective” function. If less is better, the response is called a “cost” or “penalty” function. The distinction is unimportant as either can be converted into the other by adding a minus sign. A cost function is a mapping from values of the variables to a single real number.

A goal can be defined for a very specific condition such as a specific frequency and direction. A goal can also be defined over a range of frequencies or directions. In this case, the cost function is defined to be the average, maximum, minimum, or root-mean-square of the values at the individual frequencies or directions. Multiple goals can be combined by making a compound cost function, a weighted sum of the errors associated with individual goals. The weights can be set to emphasize one goal relative to the other goals. For example, this allows one to specify whether high gain or low SWR is more important.

OPTIMIZATION METHODS

An optimization method is a strategy that is used to achieve the goal. One can avoid optimization altogether by evaluating the cost function at all points on a grid.

•Compute All Points. A brute force computation in which the cost function is computed at all points on a uniform search grid in the variable space. Values are compared after all are computed. This method is useful when the number of variables is one or two but impossibly slow when there are many variables.

Guided search methods, by contrast, determine where to search next based on previous calculations. Derivative-based methods use concepts from calculus, such as derivatives (slopes and curvature) of a cost function. These methods find local minima but are easily trapped and don’t always find the global (overall) minimum of the cost function.

•Gradient Descent. A search that follows the trajectory of the steepest slope of a cost function.

•Conjugate Gradient. A variant of gradient descent that uses (or estimates) second derivatives, i.e., curvature in addition to slope.

Nonderivative-based methods use heuristics (rules) or “metaheuristics” instead of calculus concepts to perform “intelligent” search. Such methods use the cost values at previous points to guide the search. They work when a cost function is not continuous (has jumps) or when variables are discrete instead of continuous. Such methods are not so easily trapped in local minima and are more likely to find the global minimum of a cost function.

•Random Search. A search in which a random number generator generates random values for variables for which the cost function is computed, sometimes using an estimated probability distribution to bias the search for the minimum. This is also called a “Monte Carlo” search.

•One Variable at a Time. A simple pattern search over a single variable at a time, holding the rest constant. Search cycles through all variables and repeats.

•Hooke-Jeeves method. A pattern search method that searches along one direction one at a time to find the best value. Search chooses many different directions to explore.

•Powell’s method. A pattern search method that’s more sophisticated than Hooke-Jeeves.

•Nelder-Mead (also called the Amoeba, Nonlinear Sim-plex, or Downhill Simplex method). A method in which an N+1-legged spider crawls through a search space, keeping N legs planted and testing locations with its extra leg according to rules of reflection and extension. When a better (lower elevation) point is found, the spider plants its foot and lifts whichever foot is at highest elevation. The leg in the worst (highest) location is moved in each round.

•Simulated Annealing (SA) method. A statistical search method based on principles of heating and cooling in metallurgy. This method is included in the circuit analysis program QucsStudio.

•Alternating Projection. A search method based on mathematical projections onto convex sets.

Metaheuristic optimization methods are non-derivative methods inspired by nature and include methods based on evolution or social group intelligence.

•Genetic Algorithm (GA). A statistical random search based on the Darwinian evolutionary processes of adaptation, selection, survivability, and mutation.

•Particle Swarm Optimization (PSO). A statistical random search based on the movement and intelligence of swarms of bees looking for food. This method is included in the antenna modeling program HOBBIES.

•Grey Wolf Optimization (GWO). A statistical random search based on the hunting process of packs of grey wolves.

•Brain Storm Optimization (BSO). A statistical random search based on group intelligence, i.e., the collective behavior of human beings in solving problems.

Finally, “Cocktail” methods combine several different methods. A cocktail method consists of running several iterations of one method followed by iterations of a second method, then a third method. This approach can help escape being from being trapped in a local minimum. One might run Nelder-Mead for a thousand iterations, interrupted every 200 iterations for a hundred iterations of Random Search. Once it becomes clear that the search is in the vicinity of the global minimum, one can switch to Gradient Descent for rapid convergence.

5.3.2 Software

Although optimizers are a standard feature of professional programs, not all amateur antenna modeling programs have optimizers. However, some low-cost programs do have optimizers, such as the GUI shell program AutoEZ and the electromagnetic program HOBBIES, as well as several low-cost circuit simulation programs. The programs ARRL Radio Designer (ARD) and Ansoft Serenade SV, and the free circuit simulator QucsStudio have good optimizers. Table 5.10 summarizes the optimizers in software programs for antenna modeling that amateurs are likely to use, while Table 5.11 does the same for commercial “computational electromagnetic” (CEM) software, and Table 5.12 does the same for circuit analysis programs.
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The optimizer setup process in AutoEZ is straightforward. AutoEZ allows variables to be defined by numbers or by equations. Variables defined by numbers can be optimized, but variables defined by equations cannot be optimized. The optimizer Setup screen is shown in Figure 5.22. The Setup screen is where a user selects the variables to optimize.
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AutoEZ’s Optimize sheet has two parts. The top of the sheet has an input block shown in Figure 5.23. A user specifies a compound goal as a weighted combination of six different antenna performance metrics. The user also specifies a range of frequencies and directions. Clicking the Start button launches the optimization. Some patience is required as the calculations can take a while to complete.
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The lower part of the AutoEZ’s Optimize sheet under the input block is where the optimization results appear. Figure 5.24 shows the format. The block shows the results of trials followed by a Summary section that shows the first and last trials.
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5.3.3 Example: Finding the Best Shape of a Wire Antenna

Although varying the inductance and position of a loading coil would make for a simple example of optimization, the following more complex problem shows the power of optimization. Dipoles and loops are made by a wire that is either straight or curved into a circle. A reasonable question to ask is whether these are the only good shapes or is there, perhaps, a different shape that is better — a shape that is neither straight nor a circle? For a given frequency and a given length of wire, what shape is best in the sense of having maximum gain in a given direction? For this example, we consider the limited class of shapes that are planar (so the wire lies in a plane) and that have left/right mirror symmetry (so the wire must be center fed). Dipoles and loops have these geometric properties. We want to know whether any better antenna having these geometric properties exists. Optimizers can answer these questions by computation and search.

The first step is to model an antenna whose shape depends on variables. There are two ways to specify a shape. If the approximate shape is known in advance, a parametric equation can represent the shape, and the variables are simply the coefficients of the equation. Since we know nothing about the shape, a parametric equation cannot be specified, and a different approach is used that imposes less restriction on allowable shapes. We consider a curved wire made of many short, straight wires in which the direction of each varies. Hence the wire can curve smoothly or zig-zag. The constraints will be that all wires lie in a common plane and the antenna has two symmetric arms. The arms may be straight or may bend forming a circle; so, dipoles and loops are included as allowed geometries. As most wire antenna programs assume wires are straight between two endpoints, we define each wire’s endpoints by equation as shown in Table 5.13.
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The variables xij and zij are coordinates of the ends of the wires. The subscript “i” is the wire number, and the subscript “j” is the end number. The range of the subscripts is i = 1,…, N, and j = 1 or 2. h is the length of each wire, and angles θ 1, ∙∙∙, θ N are variables defined by recursive equations as follows.
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Variables θ 1, ∙∙∙, θ N represent the directions of each wire. Variables δ 1, ∙∙∙, δ N represent the incremental change in direction from one wire to the next. These latter variables are the ones that will be optimized. Each is given the initial value of zero and a range of −90 to 90 degrees. The range is restricted so that arms of the antenna curve gradually through space; wire junctions cannot form acute angles. The variables to be optimized are the change in direction or angle from a wire to its successor.

A second arm consisting of wires N+1 through 2N is defined by symmetry: x values are negated while y and z values are the same. The total length L of the antenna is the sum of the lengths of the wires in both arms, L = 2Nh. The second arm introduces no additional variables. Thus, there are N variables to be optimized, δ 1, ∙∙∙, δ N , which are the changes in direction from a wire to its successor.

The second step is to specify a goal. We consider a simple goal: obtain maximum gain in a given direction. We seek the wire shape that, for a given length, achieves maximum gain in a specified direction at a specified frequency. Small dipoles and loops have the property that there is a plane that contains both the wire and the direction of maximum gain. In the case of a loop, there is one such plane. In the case of a dipole, there is an infinite number of such planes. To allow the possibility that either a dipole or a loop actually is the optimal shape, we must not exclude either of their shapes beforehand. Accordingly, the goal will be to achieve maximum possible gain in a direction that lies in a plane that contains the wire. Because the wire lies in the x-z plane, it is convenient to choose either the x or y axis as the direction in which gain is to be maximized. The choice being arbitrary, the z axis is chosen. The plane and direction in the plane give the direction in standard spherical coordinates as θ = 0 and φ = 0, where θ is polar angle measured from the z axis, and φ is azimuth measured from the x axis. (Don’t confuse these angles with the subscripted angles that define wire directions.) Thus, the goal is to maximize the gain in the direction specified by θ = φ = 0.

The third part in setting up the optimization is to specify the method of search. Nelder-Mead is chosen in part because most of the optimizers that amateurs encounter have it. The Nelder-Mead method is tried-and-true. It is not easily fooled or trapped in local minima and usually finds the global optimal solution for the variables if the number of local minima is not excessively great.

The antenna modeling program HOBBIES was used to implement the model above for 27 different electrical lengths of wire, ranging from ½ to 6 wavelengths. Each wire has a single segment. The number of wires 2N was increased as total length increased to keep each wire a fixed fraction of a wavelength. N was always made large enough to accurately represent a smooth curve. Wires were modeled as lossless perfect electrical conductor (PEC). Wire diameter was fixed at 1/22,000th wavelength, which corresponds to AWG #10 wire for a 5-MHz half-wavelength dipole. The number of variables increased with wire length, and optimizer runs took progressively longer to complete. The points in the graph were computed from left to right, from small N to large. With each increment in N, the previous variable values were used to initialize the next case. The half-wavelength case (12 variables, 800 iterations) ran in tens of minutes. The three-wavelength case (20 variables, 2,000 iterations) ran in several hours. The six-wavelength case ran overnight.

The optimizer tells us how well the goal is met and the best values of the variables. Figure 5.25 shows the results of 27 runs. Shown for comparison is the gain of a straight dipole. It is evident that an optimally shaped wire outperforms a straight dipole at all wire lengths. Not shown in the figure, the optimally shaped wire also outperforms a circular loop at all wire lengths. Unlike the dipole and loop patterns, which are omnidirectional, the shaped wire’s pattern is directional and has a pronounced main lobe.
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The values of the variables δ 1, ∙∙∙, δ N found by the optimizer give the best shape of wire for a given total wire length L = 2Nh. Figure 5.25 shows the gain of the best-shaped wire at each length. Figure 5.26 shows one case: the best shape for a wire of 1.4 wavelengths. The shape has been likened to a cowboy hat or a long-horned steer viewed in profile. As the wire length increases from zero to many wavelengths, the shape changes progressively from a straight dipole to a cowboy hat, and eventually converges to a Vee dipole with wiggles and arms that open to an optimal angle. Thus, a dipole morphs into a traveling-wave Vee antenna as it gets longer provided the curve is chosen for maximum gain for each length.
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The shape shown in Figure 5.26 was first reported by H. H. Meinke and F. M. Landstorfer in a 1975 German patent. It is commonly referred to as a Landstorfer antenna and became the subject of many papers in the professional antenna litera-ture and articles in amateur radio magazines, cf. CQ DL (Apr.1982), RadCom (Dec. 1982), and Ham Radio (Nov. 1983 and Apr.1986). For more on this antenna see the Bibliography.

The example above illustrates the simple problem of optimizing the geometric shape of a wire to achieve maximum gain at a single frequency. The example only scratches the surface of what optimizers can do. There are many ways to vary the problem. Some are obvious, such as expanding frequencies or adding goals to limit SWR. Some are less obvious, such as changing the direction of maximum gain to be perpendicular to the plane of the wire antenna instead of lying in the plane, or even allowing the wire to be a general nonplanar 3D curve. Or the length L of wire might be cut into sections, and the sections arranged but not connected (as in a multi-element Yagi-Uda beam), or else connected in multi-wire junctions (as in log-periodic, T, lazy H, and fan dipole antennas). Traps, loads, transmission lines, and match networks can be included and jointly optimized within an antenna model. Optimizers are a powerful tool in the study and design of interesting antennas that push the boundary of design.

5.4 Advanced Modeling Techniques

This section describes some useful advanced techniques for modeling with thin-wire electromagnetic programs. Three techniques are described: how to model insulated wires, how to use wire grids to model metallic surfaces, and how to use generalized wire grids to model dielectric surfaces and objects.

5.4.1 Insulated Wire

Amateur antennas often incorporate insulated wire, i.e., wire that is covered with a dielectric or magnetic material. Some programs, notably NEC-3 and later versions, feature insulated wire capability in their calculating engine. Most thin-wire calculating engines do not have the capability to model insulated wire. In some cases, an aftermarket user interface GUI program provides insulated wire capability that the main calculating engine lacks. It is therefore important to know how to model insulated wire both for using programs that lack the capability and for getting an independent check on those programs that do. The simplest approach to modeling insulated wires is to replace them with equivalent uninsulated wires.

“Modeling Insulated Wire,” a detailed paper by K6OIK describing three different methods for specifying equivalent wires is provided in the online material. The two methods most useful to amateurs are summarized here.

W4RNL Method: This method is due to L.B. Cebik, W4RNL, and is used in 4nec2 with the NEC-2 engine. Given an insulated wire having conductor radius a and insulation outer radius b, the equivalent wire is an uninsulated wire having the same radius a plus distributed inductive loading in the amount

[image: ] henries per meter

where

L is the distributed inductance in henries per meter

εr is the dielectric constant of the insulation

μ0 is the magnetic permeability of vacuum in henries per meter

b is the outer radius of the dielectric insulation

a is the outer radius of the metal wire

ln(∙) is the natural (base e) logarithm function

The W4RNL method defines equivalent wires by adding distributed inductance alone. Conductor diameter and metal conductivity are not changed. This method is not based on electromagnetic theory but comes from an ad hoc curve fit to the insulated wire correction inside NEC-4. Absolute accuracy has not been established.

K6OIK Method: This method is due to S.D. Stearns, K6OIK. According to this method, the equivalent wire is an uninsulated wire having an intermediate outer radius a' plus distributed inductive loading and modified conductivity. The radius and loading are given by
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Skin effect loss is accounted for by decreasing the metal conductivity to

[image: ] siemens per meter

The radius lies between those of the other methods, i.e., a < a'< b. So, the diameter of the equivalent wire lies between the diameter of the conductor and the diameter of the insulation of the insulated wire. Distributed inductance and metal conductivity are less than in the other methods. The adjustments to wire diameter, loading and conductivity depend only on geometry and are frequency independent. The K6OIK adjustments are exact at frequencies for which the diameter is very small compared to a wavelength assuming the wire is in vacuum or air.

5.4.2 Wire-Grid Modeling

Thin-wire programs for electromagnetic analysis historically preceded surface codes. As a result, wire grids were used for modeling surfaces before surface programs came into prominence. A wire grid is a system of wires each of which is connected at one or both ends.

GUIs for thin-wire antenna programs often have commands for constructing simple wire grids. 4nec2, AN-SOF, EZNEC, and MMANA-GAL have tools for making wire grids and radial systems based on copy/paste, shifts, and symmetries. 4nec2 includes a library of examples, which includes 14 wire grid models of a horn antenna, airplane, ship, tank, and several vehicles. The models run under NEC-2.

Figure 5.27 shows an example, a biquad antenna with wire-grid reflector created by W6ZTM, also known as a twinquad or double-diamond. It consists of two bi-squares, unfolded to create two W’s which are joined at their tips and fed in opposition at their midpoints. Without a reflector, the biquad has a dipole-type doughnut pattern and horizontal polarization when oriented as shown.
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The reflector is a wire-grid that has 551 vertices, 1054 edges, and 504 square faces. The unit cell is a square patch 1⁄20 of a wavelength on a side. With the reflector, gain is approximately 11 dBi. This antenna is popular for Wi-Fi and DTV applications and the bi-squares can be replaced by double-circles.

For more complicated shapes, computer-aided design (CAD) programs allow one to create and manipulate 3D objects in a computer. Such programs allow one to create and manipulate the geometries of objects needed for antenna modeling, 3D printing, and mechanical design. Many programs can create a mesh from a geometry in a process called meshing. The Bibliography section lists CAD programs that are free or have free trials. Table 5.14 is a list of standard file formats used by CAD programs to store geometry and mesh data.
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MESHES AND GRIDS

Knowledge of basic ideas from computational geometry or computer graphics can aid our understanding. A mesh divides a surface or volume into smaller surface patches or volumes that fill the original surface or volume without overlap. Surface meshing divides an area into polygons. Volume meshing divides a volume into polyhedra.

A mesh is an example of a tessellation in mathematics. A surface mesh consists of faces (F), edges (E), and vertices (V). In a surface mesh, every edge is connected at both ends to other edges at vertices. Such meshes satisfy Euler’s formula V − E + F = 2.

A wire grid is similar to a graph in mathematics. A wire grid has wires and nodes just as a graph has edges and vertices. The difference is a wire grid has both geometric (size) and topological (shape) properties, whereas graphs are purely topological objects.

Care is needed to avoid confusion and to distinguish between geometric and topological ideas. In the language of graph theory, a vertex is a junction of edges but carries no concept of spatial location. Nodes, by contrast, are points in space where wires meet. Nodes are geometric entities that define the ends of wires, whereas vertices are topological entities that define the connections of edges.

Nodes and their associated edges are referred to collectively as a wireframe. A wireframe is a geometric entity that can be converted into a wire grid by adding attributes such as diameter and conductivity. However not all wire grids have wires that are connected at both ends. Some wire grids have wires connected at only one end. Examples include dipole and vertical antennas and radial systems. Hence, while the wireframe or edges of a mesh can be used to define a wire grid, not all wire grids correspond to meshes. To learn more about computational geometry and computer graphics see the websites given in the Bibliography.

Surface EM (electromagnetic) codes, such as FEKO, HOBBIES, or WIPL-D, compute currents in the faces. Alternatively, the edges of a mesh define a wireframe, which if converted to a wire grid or wire table can be used by a thin-wire code, such as AN-SOF, ANSim, AWAS, MiniNEC, or NEC. At present, most popular thin-wire GUIs (graphical user interfaces), such as AutoEZ, EZNEC, 4nec2, MMana-GAL, and Nec2Go, do not have the capability to import mesh files and convert them to a wire grid or wire table, but professional computational electromagnetics (CEM) programs do.

Today’s CAD programs can be used to define antenna geometries and create meshes. A feature that would import mesh files and create wire grids automatically from them would be a powerful addition to the popular GUI programs that amateurs use for antenna modeling.

CONSTRUCTING GRIDS

When making wire grids, the important variables are wire length, segment length, wire diameter, and wire conductivity. Numerical simulation results are sensitive to wire radii. The equal area rule (EAR) is a rule of thumb for setting the wire diameter in wire-grid modeling. The EAR rule states that the surface area of the wires should be made equal to the surface area of the solid surface being modeled. The rule applies to wires in the direction of the electric field. Near fields are seldom linearly polarized. Elliptical polarization is the norm. Consequently, the EAR rule should be satisfied by grid wires in all directions. For a rectangular grid, in the X-Y plane for example, the wires in the X direction and Y direction should independently satisfy the rule. Wire circumference should equal center-to-center grid spacing in the direction perpendicular to wires. Consequently, the diameter of the wires in the X direction should be 1/π times the length of the wires in the Y direction, and conversely the diameter of the wires in the Y direction should be 1/π times the length of the wires in the X direction.

Because NEC prefers the ratio of segment length to diameter to be greater than unity, it follows that there should be no more than one or two segments per wire when making wire grid models for NEC. Smaller wires and closer grid spacing leads to greater accuracy at the expense of more computation.

When the equal area rule is satisfied, the surface impedance of the grid is approximately equal to the surface impedance of the area being gridded. More importantly, the difference between near fields of the grid and the continuous surface are smallest, and the wire grid becomes an accurate representation of the continuous surface it models. For more information, tips, and rules of thumb for making rectangular and non-rectangular grids see the references in the Bibliography.

5.4.3 Modeling Surfaces

When modeling a surface, a wire-grid model is sometimes better than a surface patch model. For example, when NEC is used to model open surfaces, a wire grid must be used because the magnetic field integral equation (MFIE) in NEC’s patch model is only appropriate for closed bodies. So, although the reflector in Figure 5.27 could be modeled using NEC’s patch commands, the wire grid is preferable. Other surface programs don’t have this restriction.

Figure 5.28 shows a sphere meshed with quadrilaterals. The mesh was created by HOBBIES. Current on the surface of the sphere can be represented either as currents in the faces of the quadrilaterals or as currents in the wires of the wire frame. The mesh need not be made of quadrilaterals. A quadrilateral mesh can be converted to a triangular mesh by dividing each quadrilateral into two triangles by adding an edge that connects a vertex to its opposite. The number of new faces created equals the number of new edges, so Euler’s formula remains correct. The near fields, whether computed from currents in the faces or wires of a grid, will be nearly equal provided the EAR rule is satisfied (as well as other wire restrictions that a particular thin-wire program may require).
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Figure 5.29 shows KI6BDR’s triangular mesh of a car that was featured in QST, October 2016. The car has a vertical whip on the roof for 2-meter operation. The mesh is finer than needed. For 2-meter band modeling, triangles having 8-inch sides are sufficient. The mesh was created by FEKO which computed currents in the triangular patches. However, if the wireframe of the mesh had been used to make a wire grid model of the car, the computed fields would be the same provided the wire diameter satisfies the EAR rule.
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Not surprisingly, wire grids can be used to model objects that have metal conducting surfaces, such as individual antennas or antennas on automobiles, airplanes, and ships for example. Figures 5.30 and 31 show wire grid models of a horn antenna for 8 GHz and a US Navy destroyer. The ship model is for 20 MHz and has 8,031 wires and 16 antennas onboard. Figure 5.32 shows a triangle mesh of a state-of-the-art UAV aircraft. The program FEKO created the mesh for surface patch computations. The mesh’s wireframe could be converted to a wire grid for computation by a thin-wire program.
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MODELING DIELECTRIC SURFACES

Wire grids can model dielectric objects, too. The approximation is best for lossy dielectric objects – those for which a wave entering attenuates before reaching the other side, similar to the skin effect for RF current in conductors. The method involves making the grid appear to have the same surface impedance as the dielectric object. To do this, the grid should satisfy the same Leontovich boundary condition as the object’s surface. This can be done by adding distributed loading to the wires in a wire grid in a manner analogous to the K6OIK insulated wire method above. The wire diameter is set to satisfy the EAR rule. Then distributed loading is added to the wires to achieve a surface impedance equal to that of the object being modeled.
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where

η is surface impedance in ohms per square meter

j is[image: ]

f is frequency in hertz

μr is relative permeability of material compared to vacuum

μ0 is magnetic permeability of vacuum in henries per meter

εr is dielectric constant (relative permittivity of material compared to vacuum)

ε0 is electric permittivity of vacuum in farads per meter

σ is conductivity of material in siemens per meter

A tree trunk is an example of a lossy dielectric object that can be modeled by a wire grid. KE4PT and W4RQ modeled a tree trunk as a lossy dielectric cylinder [QST, February 2018]. Their model consists of a single wire and distributed loading chosen to satisfy an impedance boundary condition. Current in a wire is assumed to be equally distributed around the wire’s circumference. The single-wire tree model cannot model azimuthal currents nor proximity effect for which the current is unequally distributed around the tree’s circumference.

The tree model can be improved by using more wires to form a wire grid of the tree’s surface as shown in Figure 5.33. Six vertical wires, each centered on a tree trunk’s perimeter are sufficient to capture proximity effect. The spacing of the wires must satisfy the usual rules for wires. The diameters of the wires must satisfy EAR. If six vertical wires are used, the sum of the circumferences of the vertical wires must equal the circumference of the tree. With six vertical wires, the wire diameter should be 1/6th of the diameter of the tree. The horizontal wires form hexagons at different vertical heights. The hexagons should be separated vertically by a tenth of a wavelength or less. Horizontal wire diameter is 1/π times the vertical separation. The radial end caps have little effect and may be dropped.
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Finally, all wires are assigned distributed loading that satisfies the surface impedance boundary condition according to the loading method described by Tsunekawa and Ando, and material parameters given by KE4PT and W4RQ.

The theory of surface impedance boundary conditions originated from M.A. Leontovich and is explained by T.B.A. Senior and others. Subsequent research extended Leontovich’s original work. The subject is having a resurgence due to interest in the unique electromagnetic properties of meta-surfaces. More information can be found in the references in the Bibliography.

Modeling Ground with Surface Meshing Codes

Moment method surface programs like FEKO, WIPL-D, and HOBBIES, give a new way to model ground — as a dielectric surface. This method is fundamentally different from the methods such as a Sommerfeld ground or a Fresnel complex reflection coefficient ground. With a simple reflection coefficient ground, an antenna must be well above the ground surface for antenna currents to be computed accurately.

Surface meshing programs treat the ground as a dielectric surface. The surface is meshed like any surface. The advantage of modeling the ground using a dielectric surface is that the surface can have any shape. The surface does not need to be flat, infinite, or smooth. It can be irregular. One can import topographic terrain data and convert it to a mesh. By making the ground terrain and trees part of an antenna model, terrain and trees are accounted for. Separate terrain analysis by a ray-tracing program like HFTA is unnecessary because the terrain is included in the antenna model. (See the HF Antenna System Design chapter for more information on the HFTA program.)

The surface used for ground does not need to enclose a volume but must be electrically large to minimize diffraction at its edges. A reasonably accurate ground model is one that extends one wavelength in all compass directions and 5 to 10 wavelengths in the directions where the elevation pattern is desired. Edge diffraction leads to radiation into the lower half space below the ground surface. Normally this radiation is many dB down and can be ignored. One can define graph limits to simply not show radiation into the lower half space. The far field pattern at low elevation angles converges to the same pattern as a Sommerfeld ground would predict in the limit as the ground plane size increases to infinity. Of course, real ground is neither flat nor infinite nor smooth, which is precisely the reason for not using Sommerfeld or reflection coefficient ground models.

Figure 5.34 shows an example of terrain modeled as an irregular dielectric surface at HF. Terrain data was imported and meshed out to 4 miles in all directions from the QTH at the center. Average soil parameters were assigned. The program FEKO was used to compute antenna patterns for antennas at several heights and frequencies in the 160-meter, 75-meter, and 40-meter bands. The 160-meter cases required 4,000 triangles in the mesh, used 530 Mb of memory, and ran in under 8 minutes. However, the 40-meter cases required 39,000 triangles in the mesh, used nearly 10 Gb of memory, and took 52 hours to run. The computer had a compute speed of 53 Gflops/s. HFTA does terrain analysis by ray tracing in less time, but the method of moments provides elevation pattern information that is more accurate. One can analyze smaller models on a fast desktop computer. All of the pieces needed to carry out such an analysis are available to an industrious amateur.
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In summary, a wire grid can model a dielectric surface, and the surface can be irregular. The wires must be sized to satisfy EAR and must be loaded to model dielectric per the Leontovich boundary condition. A properly loaded wire grid can model irregular ground. However, there are two limitations to consider before using a wire grid as a ground model. First, the antenna cannot penetrate the ground. The wire-grid ground method does not permit the antenna to touch the ground nor to be buried. Second, many segments are needed, which may exceed the number of segments that a thin-wire program allows. Computation time can be enormous. Surface programs, such as FEKO, WIPL-D, and HOBBIES, overcome these limitations. They are based on the surface equivalence principle, and an antenna can be in more than one domain, e.g., partially in the air and below ground. These programs use exact surface integral equations instead of thin-wire approximations. WIPL-D and HOBBIES use higher-order basis functions which reduces the number of variables by allowing larger surface patches up to 100 times larger than the grid spacing required by a wire grid for NEC.
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HOBBIES: No longer supported. Contact K6OIK.

MiniNEC Pro: blackcatsystems.com/software/mininec-antenna-analysis-modeling-software.html

MMANA-GAL: gal-ana.de/promm

NEC-2: nec2.org

NEC-5 and NEC-4.2: ipo.llnl.gov/technologies/software/nec-v50-numerical-electromagnetic-code

WIPL-D Lite: wipl-d.com/products/wipl-d-starter

WIPL-D Pro: wipl-d.com

5.5.19 Finite Difference Time Domain (FDTD) Antenna Software

GprMax: gprmax.com/about.shtml

Meep: meep.readthedocs.io/en/latest

openEMS: openems.de

5.5.20 Circuit Simulation Software

QucsStudio: qucsstudio.de
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Table 5.9
E- and H-Fleld Intensitles for 1500 W Into 5-Element
Yagl at 70 Feet on 14.2 MHz

Height  H-Field — E-Field
(Fee)  (Alm) (vim)
0 0. 4.1
10 0.03 138
20 0.04 206
30 0.06 226
40 0.08 2538
50 0.10 338
60 0.12 415

70 0.12 443
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Table 5.3
40W.YW, using #14 AWG wire 0.064-inch diameter

520-
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14.000 14.174 14.350 MHz
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spacing (inches) Lengm (inches)
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Table 5.6
135-Foot Flalwp Dipole at 3.75 MHz

Segments Max. Gain

lmpedunce © (dBi)
3 85.9+/128.0 634
5 86.3+/128.3 645
7 86.8+/128.8 648
11 879+/1295 650
23 885+/130.3 651

89.0+/130.8 651

45 .0
101 80.4+/1311 651
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Table 5.8

5-element Yagl at 14.1739 MHz with Telescoping Aluminum Elements

Without Leeson Corrections
Gain

Source Impedance
(dB)

233 224-]127
228 186-/125
227 66-/46
215 19+/106

19.9 16+/237
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Table 2.4
Effect of Shortening a Vertical Radlator Below A/4
Using Inductive Base LoadIng.

Frequency Is 3,525 MHz and for the Inductor Qu=200. Ground
and conductor losses are omifted.

Length Length R_ X,  R_  Effclency Loss
(feet) (%) ©@ © © (%) (dB)
14 0050 096 -761 38 20
209 0075 22 -5 27 45
279 0. 5

349 0125 68 208 15
419 0150 104 -220 11
489 0175 151 153 077 95
558 0200 214 92 046
628 0225 207 -34 017

888

88






OEBPS/image_rsrc3Y9.jpg
8 R 8 8

Umbrela radius (1) for esonance (1]

Aoz

Figure 2.43 — Wagon wheel top-hat example.





OEBPS/image_rsrc3ZK.jpg
o T
7o o [ |
i

Sigral Improvement (48)

N f il

2 2 4 W%
Number of V4 Raclals

. v .. sy mksome-pelhy - ey





OEBPS/image_rsrc3VH.jpg





OEBPS/image_rsrc43E.jpg





OEBPS/image_rsrc43N.jpg
“View Wires"™ y for simple
except you to specity
a8 an AWG gauge, I ths case #14. Noto that &3 segments have

been specified for this anienna for analysis over the range from
26 10 29 7 MHz.






OEBPS/image_rsrc3W2.jpg
Figure 1.

fagi

lies on the 0 degree — 0 degree axis and the elements are

it e





OEBPS/image_rsrc3ZT.jpg
Raclal and base nelgnt above ground (feet)
05 1 15 2 25 3

35 4

Slgral Improvement (d8)

20 28 % a
arios Number of N radlals on the ground surface.

Figure 3. d

s stk e b





OEBPS/image_rsrc44S.jpg
_

Cor

[1_

&

”

Jnf

b

a

J





OEBPS/image_rsrc454.jpg
Sutaco curont 48Am)

Figure 5.34 — Ground terrain modeling by surface mesh and MoM. [K6OIK, 2006]
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WHAT DO YOU WANT TO DO WITH AMATEUR RADIO?

ARRL is the national association for amateur
radio in the US. We provide opportunities to
discover radio, develop skills, and serve your
focal community.

Membership in ARRL can help you:

Discover New Interests

Whether youre interested in radiosport, new technolo-
g.es, project building, emergency preparedness, or
ic service, ARRL has resources to help you learn,
gel active, and get on the air

Your membership provides digital access to all four
ARRL publications, with offerings for beginners as well
as advanced hams. They include QST, the membership
journal of ARRL; On the Air, an introduction to the world
of amateur radio; GEX, covering topics related to radio
communications experimentation; and National Contest
Journal (NCJ), covering radio contesting.

Build & Share
Your Knowledge

and leadership opportunities, you can grow your skills
and interest in amateur radio through the many ARRL
programs available to members.

Shape the Future
Your membership dollars help to preserve and protect

access to frequencies allocated to the Amateur Radio
Senvice.

Anyone who is active in amateur radio o who wishes to get more involved to pursue technological interests,
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CALL toll free at 1-888-277-5289
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Table 3.7
Calculated Values for R and X (In n)
.001

0.004 0.005

R X R X R X%
101.36  26.50 7876 1671 73.05 1168
100.86 14.26 8213 1141 76.:
98.61 5.33 84.60 .07 79
97! 071 85.88 .54 80.89
9645 580 86.51 —5.45 82.05
9456 1475 8674 -13.62 83.09
9250 2172 86.17 -20.18 83.14
9040 2727 85.17 2560

0.007 0.009 o.01
A A X, AT X
65.65 347 6090 -272 50.06 -529
68.23 1 6297 435 60.94 —6.69

.90  -2.06 6527 658 63.06 .62
7299 532 67.22 .04 64 -10.69
7458 -853 68.84 1136 66.4; -12.85
76.60 —14.56 7120 -16.21 68.88 —1721
7754 10.96 72. .84 7045 44
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Wire Table
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Table 3.1
Conductivitles and Delectric Constants for Common Types of Earth

Surface Type Dielectric  Conductivty  Relative
Constant ~~ (S/m) Quallty
Fresh water 80 0.001
Saline 80 Sstmonl oy woe e sk
Salt water 81
Pastoral, low hills, rich soll, typ Dallas, TX, to Lincoln, NE areas 20 oxxm Very good
Pastoral,low hills, rich soll typ OH and IL 1 001
Flat country, marshy, densely wooded, typ LA near Mississippi River 12 00075
Pastoral,medum s and forostaton yp MO, PA, Y.
(exclusive of mountains and coastiine) 13 0.006
Pasoral medum i clay soil typ 13 0.005 Average
Rocky s, steep hills, typ mountainous 1214 0002 Poor
Sandy, dry, flat, coastal 10 0002
Cites, industrial areas 5 0.001 Very Poor

Cities, heavy Industrial areas, high buildings 3 0.001 Extremely poor
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Table 2.3
R, for Varlous Ground-Mounted Vertical Physical
Helghts With No Loading

Notice that the maximum possible gain for very short verticals

g vertical, or
twice the gain of an infinitesimal dlpole.
Ach

18 0125 486 306 44 6.0
1 32 514 327 0260 36.

¥8 054 579 379 0302 921
12 064 61 488 0388 995
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Table 3.3
Efficlency for Verticals of Different Helghts with
Ground System Conslsting of Only a Ground Stake
In Average Soll

Height (h)  Efficiency
()

(%)
0.050 4
0.125 21
0.250 46

0375 7
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Table 3.2
Base Excltatlon Currents as a Functlon of Vertical
Helght (h) In Wavelengths

The input power is 1500 W.

h Ip R,
(*) (A) )
0.050 397 0.
0.125 151 6.57
0.250 6.45 36.1
0.375 253 234
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Table 5.14. CAD Geometry and Mesh Flle Formats

Geometry  Formats Mesh Formats
IGES NASTRAN mesh
DXF STL mesh
VRML iesh
ACIS 3DStudio mesh
CGNS mesh
Rhinoceros  HOBBIES mesh
Shapefile Sun iesh
XYZpoints Py me
voxels
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Table 2.2
Variation In Dipole Performance with Helght

Height in Wavelengths  ResonantLength  Feed point Impedance  Max Gain (dBi) at
at14.175 MHz (feet)  In Feet (Lx1) in Q(SWR) Angle (Degrees)
% (8.8) 330 (4678) 315 (159) 83@ 90

e (174) 329 (466.4) 817 (163) 65@ 62
%(347) 34.1(483.4) 69.6(1.39) 79@28

% (52.0) 334 (473.4) 73.4(147) 73@ 18

1(69.4) 339 (480.5) 719 (144) 1eu

1 (104.1) 338 (479.1) 720 (144)

2(138.8) 338 (479.1) 72.3(145) Toar

EZNEC's MININEC ground.

examples meant 1o fllustrate the large effect that height e
be exactly correct for a real antenna in an actual installation.
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Table 2.1
Resonant 2/2 Dipole Lengths In Free Space
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(m)

Dipole constructed from #12 AWG bare copper wire
Vel Is the free-space wavelength computed as 492/I(MHz)
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Table 5.1

Optimizers In Commerclal CEM Software.

Program Type
Altair FEKO General EM
ANSYS HFSS General EM
comsoL neral EM
DassaultiCST Microwave Studio  General EM
Cadence/AWR Microwave Office General EM
HOBBIES Pro General EM
Remcon XFdtd General EM
Sonnet Suites General EM
Speag SEMCAD General EM
WIPL-D Pro General EM
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Figure 5.18 — Frequency sweep of 5-element Yag! described

frequency.





OEBPS/image_rsrc3YC.jpg
11,808
inches — - x
FMHZ





OEBPS/image_rsrc3VT.jpg
V1
20 Iong2
dB =





OEBPS/image_rsrc3W5.jpg
5
6
— i —
i 1
B 1
Z | Bylisell__ —-— 2 Spadng |
1]
E
E 3
B i
T
1S
1
By
i
e
Y
k f—>
i T
-
i
m @ @ @ 0 w0 1w
Ak (Degrees)

Figure 1.18 —The rectangular azimuthal patterns of two VHF

h h

minor lobes

Tt





OEBPS/image_rsrc406.jpg
27— A yplcalcounterpoise
araund systm. (gire rom Laport






OEBPS/image_rsrc410.jpg
wiones Aselgnt 120 el 3 r Cadght 11

b sty





OEBPS/image_rsrc3ZW.jpg
)

Na

i

®

©

©

®






OEBPS/image_rsrc43X.jpg
®
O e
= e T ]
e B - |
®
Figure 513 At geamety fo S-clement vaglon a 40-
nmdmlmn:s(ﬁnleﬂ)ameﬁmgwmvmnan

s...;' This ﬂeslgn
vt fany





OEBPS/image_rsrc44K.jpg
0, =9,
0,=0+0,
0,=06,+0,+0,
M
0,=6,.,+9,
M
Oy =iy i =0y





OEBPS/image_rsrc449.jpg
Table 5.7
5e|ememwnevagl a114.1739 MHz

Segments  Source ‘Max. Gain
impedance (o) (dB)
3 28.5-/30.6 1279
5 263-/256 13.02
7 256 [ 24 I) 13.07
1 25.1— 13.09
25 249 [ 13.10

09 247 ,215 13.10

180°FIB FIR
(dB) (dB)
232 224
305 231
348 231
300 231
437 231
442 231
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Table 4.3
Features and Attributes of Several Currently Avallable Propagation Prediction Programs

ASAPS VOACAP WBELProp PropLab
V7 Windows V270 Proa1
User Friendiiness Good Good Good Good
perating System Windows Windows Windows Windows
Uses K-index No No Yes Yes
User library of QTHs Yes/Map Yes Yes No
Bearings, distances Yes Yes Yes Yes
MUF calculation Yes Yes Yes Yes
LUF calculation Yes Yes No Yes
Wave angle calculation Yes Yes Yes Yes
Vary minimum wave angle Yes Yes Yes Yes
Path regions s Yes Yes Yes Yes
Mutipath eflects Yes Yes No Yes
Path probabilfty Yes Yes Yes Yes
Sinal srengths Yes Yes Yes Yes
Yes Yes Yes Yes
Long pan calculaton Yes Yes Yes
Antenna selection Yes Yes Indirectly Yes
Vary antenna height Yes Yes Indirectly Yes
Vary ground charactersics Yes Yes
iSmit power Yes Yes Indirectly Yes
Gmpmc msplﬂys Yes Yes Yes 2D/3D
Yes Yes Yes Yes
Mapp 0 Yes Yes Yes Yes
Bocumenann Yes Onine Yes Yes
Price class SAUD385! free? free? $240*
Prices are for early 2017 and are subject to change.
1See www. s and ¢ . Be advised that the pr per

WOEL Prop, 506 Wi qsl.ne!lwﬁelpmp
4PropLab Pro V3, see www.spacew.convproplab
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Table 25
Effect of Shortening aVertical Using Top Loading

Frequency is 3.525 MHz and vertical is made of 2-inch tubing

L1 2 Length R,
(o) (o) () ©
14.0 488 0.050 40
20.9 386 0.075 85
27.9 30.1 0.100 14.0
9 228 0.125 19.9
419 173 0.150 255
9 19 0.175 4
55.8 70 0. 339
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Table 5.5
135-Foot Inverted-V Dipole at 75 MHz

Case  Segments Source Max. Gain
Impedance () (ms:)

1 82 2297 -/ 2668

2 246 1822/ 2553 Soe

3 67 1960-/2583 566

4 a0t 2031-/2688 548
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Table 5.10

Optimizers InWire Antenna Modeling Software.

Program Type
AN-SOF Antennas
ANSIm Antenn:
GUI shell
AWAS n
EZNEC GUI shell
4nec2 I shell
HOBBIES Acad.  General EM
INEC Antennas
MMANA-GAL Antennas
Nec2Go Antennas
NEC-2 Antennas
NEC-4.2 Antennas
NEC-5 Antennas
WIPL-D Lite Antennas

. Use AutoEZ
Method not stated, Imited goal types

Optimizer
No

No

Yes

No

5323855552

Methods
None. Use AutoEZ
e
Nelder-Mead, limited goal types.
Non:
None. Use AutoEZ
Gradient Descent, Genetic Algorithm
Powell, Nelder-Mead, Pariicle Swarm

None
Simple search, imited goal types

Number of Variables
0

0

No limit

0

0

No limit

No limit
128

moocoon
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Figure 3.68 — Impedance measurements using
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Table 3.6
Distance at which a 10 MHz Signal Atienuates 10 dB

Over Varlous Ground Types

Groundtype  Conductivity  Distance for 10 dB Drop
(mSimeter) (km)

Seawater 5000 100

Rich soil 30

15
Moderate 3 03
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Table 4.1
The Electromagnetic Spectrum

Radiation  Frequency
Radio 10 kHz — 300 GHz
Mgk enam
Visible light ~ 428.6 THz —
Ui 720 Ty 3 108 iz
me

Uliraviolet  3x 103 THz —3x 104 THz
“Soft’ X-ray  3x 10 THz - 3 x 105 THz
“Hard’X-ray 3 x 105THz —3x 105 THz

100 nm— 10 nm
10nm—1nm
1nm-0.1nm
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Table 4.5
Time and Frequency Statlons Useful for Propaga-
tion Monitoring

Call  Frequency (MHz) Location

WWV 25,510, 15,20 Ft Collins, Colorado

WWVH  Same as WWV except 20 Kekaha, Kauai, Hawaii
3.330, 7850, 14.670 Ontario, Canada

RID* .004,10.004, 15004 Irkutsk, Russi

RMW 4096, 9.996, 14.996 Novosibirsk, Russia

VNG  255,8634,12.984,16 Lyndhurst, Australia

BPM  25,5,10,15 Xiang, China

BSF , 15 , Tawan

oL 510,15 Buenos Alres, Argentina

*The call sign, taken from an international table, may not
Loca o

frequencies appear 1o be accurate as provided.





OEBPS/image_rsrc43G.jpg
Table 5.1
Antenna and

Modelin:

g Software

Program

Optimizer

Source

Notes

AN-SOF

No

em-bench.

Gommand script program

GUI shel

‘ac6la.com/autoez.html

Free demo version available

AWAS 20
Demo version

Thin Wire

oetetfbg.ac.re/software.htm

Contact K6OIK for his
instruction manual
and example files.

AWR Analyst

FEM

Expensive

cadence com/en_US/home/tools/
system-analysis/f- microwave-design/
awr-analyst-software.html

Free trial

AWR Axiem

3D Planar MoM

Expensive

cadence.com/en_UShometools/
system-analysis/tmicrowave-design/

Free tial

GUI shell

NEC

Mac OS X version of NEC-2

COMSOL Multiphysics

Expensive

Free trial

CST Studio Suite

Expensive

3 ds.com/products-services/simulia/
suite

Free trial

Free

eznec.com

GUI for NEC-2, -4, and -5

Yes

Expensive

Free trial

GUI shell

Yes

FDTD

FEM

Yes

HOBBIES Professional

Wires & Surfaces

Yes

‘ansys.com/productslelectronics/ansys-hiss|

astnevdnec

GUI for NEC2

gprmax.comvabout shtml

Currently unavailable

Contact KEOIK for status.

HOBBIES Academic

Wires & Surfaces

Yes

Currertly unavailable

Contact KEOIK for status.

Meep

FDTD

meep. Tolen/iatest

MiniNEC Pro

Thin Wire

No

antenna-analysis-modeling

MMANA-GAL

Yes

GUI for MiniNEC

No

GUI for NEC-2

AuoEZ

nec2.org

Gommand script program

Thin Wire+

AUOEZ

Thin Wire+

AULEZ

Command script program

FDTD

unknown

openems.de

Yag-Uda

No

hamuniverse.com/quicky agi

SEMCAD X

FDTD

Yes

Fr
Expensive

‘speag.swiss/products/semcad/solutions/
antenna-solution

Free trial

SEMCAD X

FDTD

Student Version

Yes

See also en.wikipedia.orgiwiki/Comparison_of_EM .._..:._s_n: _software.






OEBPS/image_rsrc43Y.jpg
Figure 5.
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Table 5.2
CAD Software Tool

s for Working with

d Meshes for CEM Programs ai

Tpe

Source.

3D Printing
Notes

‘Student version

‘autodesk.conveducation/
f

‘Student version

‘autodesk.conveducation/
f

Professional

‘autodesk.com

Free trial

Free

Free

Free

Triangle mesh editor

Meshmixer
Microsoft 3D Builder

Free

‘apps.microsoft.com/store/detall
3d-builder/SWZDNCRRI3TE

Window

Microsoft 3D Viewer

Viewer

Free

‘apps.microsoft.com/store/detall
3d-viewer/9NBLGGHA2THS

Window

OpenSCAD

Free

‘Rhinoceros

Expensive
Free

Free trial
Web-based GAD viewer

Soligworks

Expensive

solidworks.com

Free trial

These. Frogams are useful for viewing, making,

among file’

meshes; as well
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Table 4.4
Popular Beacon Frequencles

MHz
14100, 18.110, 21150, 24.930, 28.200
282-28.3

50.0-50.1
70.0370.13

Comments
Northern California DX Foundation beacons
Several dozen beacons worldwi

Most US beacons are within 50.06-50.08 MHz
Beacons in England, Ireland, Gibraltar and Cyprus
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