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Background Notes


How Antennas Work

We can explain how antennas work superficially in a few sentences. Spending a little more time however allows students to make connections between what they learn in Physics and many everyday phenomena. These notes are broken down into a set of concepts, each exploring phenomena that are relevant to understanding how antennas work. 

Energy and Energy Storage
We all know something about energy. Energy can exist in many forms. When we eat we convert chemical energy into the potential and the kinetic energy our body uses to climb and move. Antennas convert the tiny, tiny amounts of energy in radio waves into tiny, tiny amounts of electrical energy. Radio receivers take these tiny amounts of electrical energy to produce something we humans can observe - sounds, or meter deflections, or pictures. The energy captured by the antenna is used to control the energy supplied from the batteries or the 240V supply. In the same way flicking a hose can direct a powerful jet stream even though the flick itself needs negligible energy.  

The shape and size of the antenna determine how efficient it is in extracting energy from the radio wave. To get a better understanding of this, read on.

Natural Frequency

To understand how antennas work you need to be familiar with the phenomenon of natural frequency. There are many systems encountered in real life where energy is endlessly being transformed from one form to another and then back again. For example, in the swing or pendulum, or a bouncing ball, energy is being converted from potential to kinetic energy and back - with a small amount lost every cycle as heat. The really important observation to make is that the time it takes to complete a full cycle (all energy in kinetic form to all in potential form and back again) is constant no matter how much energy is being exchanged. The value of this constant, which is called the period, depends only on physical characteristics of the artefact - for example the length of the pendulum. The inverse of the period is called the system's natural frequency measured in Hertz. 
Energy can be Transferred from one Object to Another

While a single system can be internally transferring energy between two forms, we can also have a situation where the energy is transferred in one instant permanently from one object to another. For example, a well-projected billiard ball can stop dead on impact with another ball which instantly takes on the kinetic energy surrendered by the original. 

Energy in Waves

When we throw a pebble into a pond the kinetic energy is converted into a burst of waves emanating from the point of contact. There is actually an energy flow radially outwards. At any time subsequent to the impact, the energy will be concentrated in an annulus (ring) on the surface. Each particle of water in that annulus will be energised, and constantly exchanging energy between potential (top of crest) and kinetic forms. As before, the velocity of the wave depends only on the physical properties of the medium. If we are in a miniature boat at any point on the water, the energy of the wave is transferred to the boat as it bobs up and down as each wave passes. 

Thus energy from a wave can be coupled to an artefact. Anyone who has surfed will be familiar with the way the energy from a wave can be coupled to the human body as they ride the wave or are dumped,

Characterising Waves

[image: image1.jpg]The number of crests of a wave passing a given point in a second is called the frequency of the wave. The distance between crests is called the wavelength. The velocity of a wave is the simply the speed at which the crest moves. The velocity of a wave depends only on the physical properties of the medium through which it is travelling. The wavelength can be calculated once the frequency is known using the wave equation:
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Radio Waves and Antennas

Radio-waves, light and x-rays are all instances of electromagnetic waves. They all differ in frequency. In electromagnetic waves the constant exchange of energy is between storage in the electric field and storage in the magnetic field. The idea of an antenna is to capture the energy from an incoming radio-wave in the same way that energy can be transferred from one billiard ball to another. In the case of the wave/antenna interface the energy is not only transferred, it is transformed from a wave in space, to a wave of current in a localised region (the antenna structure). The electric and magnetic fields are now associated with voltages and currents in the conducting antenna structure as well as being absorbed as heat at the input terminals of the receiver. Part of the energy of the unguided radio wave has been coupled into the antenna where it becomes a guided wave in the antenna and cable connecting the antenna to the receiver.

Resonance

[image: image3.jpg]Structures that internally exchange energy between two forms, and thus have a natural frequency are particularly good at capturing energy from waves, and they do it spectacularly well when the frequency of the incoming wave is the same as (tuned to) the natural frequency of the structure.  The best way to appreciate this is to imagine holding a horizontal stick from which is suspended a tennis ball on a string. The tennis ball and string is a pendulum. It will have a certain natural frequency. By moving the stick back and forth at a constant rate you can simulate a wave with a certain frequency impinging on he structure. Notice how when the “wave” frequency is the same as the natural frequency, then on each cycle a little energy is transferred to the tennis ball. As exposure to the wave continues the energy builds up, the ball swings more and more violently. We say that energy is being coupled from the wave to the structure. That coupling only happens only when the wave frequency is tuned to the natural frequency of the structure. This strong coupling of energy from the incident wave to the structure at the natural frequency is called resonance. You see this phenomenon all around you - for example the window of a bus rattles strongly when the engine is idling at a certain speed. 

Tuned Antennas

If we know what frequency the incoming radio wave of interest has, for example a particular TV station, we can design an antenna so that it has this frequency as its natural frequency. In the case of the antenna the natural frequency is the frequency at which energy moves back and forth between storage as a current or magnetic field (like kinetic energy in the case of a tennis ball) and voltage or electric field (like potential energy in the tennis ball). The simplest tuned antenna is a dipole with total length half the wavelength of the desired incoming wave. A dipole is simply a long conductor split into two equal arms insulated from each other. The receiver cable is connected across the split. For example Channel 9 in Sydney has a frequency of 191 MHz, which since the speed of light (and all electromagnetic waves) in free space is 3 x 108 m/s requires a dipole consisting of two arms each a quarter of a wavelength - 3/1.91/4 = 393 mm.  The dipole to receive Channel 2, which transmits near 50 MHz, would need to be four times as long.

Noise (and why we use tuned antennas)

The energy picked up by the antenna has to be big enough to swamp the energy associated with electrical “noise” at the front end of the receiver (where the energy from the antenna enters the receiver). This noise is always present. At the very least, when the receiver is at a temperature above absolute zero there will be noise due to the agitation of electrons. There is always noise from interfering sources as well and even noise from the background radiation in our Galaxy. The incoming radio wave will carry a certain amount of energy per square meter per second. An antenna that is tuned to the incoming frequency will have a much larger “effective area” than one that is mistuned. The effective area of antenna is a convenient way of describing the performance of an antenna. If you know the energy per square metre of the incoming wave you can work out the energy coupled into the antenna by simply multiplying the energy density by the effective area. The effective area of antenna is clearly a function of frequency - it peaks at the resonant frequency. It may also be a function of the direction of the incoming wave relative to the antenna. All antennas have an effective area. For tuned half wave dipoles the effective area is 0.04 square wavelengths. For dish antennas it is about 60% of the true area of their mouth.

Power and Energy

Radio transmitters - both human made (like TV transmitters and mobile phones) and natural (like the sun, and a huge variety of cosmic objects of interest to radio astronomers) are limited in the power that they radiate. Power is just the energy per second being radiated. Energy is measured in Joules and power in J/s or Watts. A typical TV station might radiate 100 kW; your mobile phone handset a fraction of a Watt. The International Telecommunications Union - an arm of the United Nations, regulates how much power can be radiated in each frequency band for each different application. In each country a government agency (in Australia the Australian Communications Authority) is responsible for ensuring that these limits are enforced. If you imagine a power source radiating P Watts equally in all directions at the centre of a sphere with radius r, you can see that the power density on the surface of that sphere will be P/4(pi)r2 . In other words the power density follows an inverse square law relationship with distance from the transmitter: the power density 1 km from the transmitter is going to be 1 millionth the value 1 m from the transmitter. Imagine how attenuated (weak) the signals from quasars light years away in space must be when they reach the earth!

 Broadband Antennas

It would be inconvenient to have to change antennas every time we flicked channels - so is it possible to design a “broadband” antenna - one that can efficiently extract the energy from incoming radio waves no matter what their frequency. Let’s use the tennis ball hanging from a stick analogy to help us consider this. A single tennis ball will get energised only when the stick oscillation coincides with its natural frequency. But suppose we dangle a whole row of tennis balls from the stick with strings lengths progressively shorter and longer than the original. Now no matter what frequency we oscillate the stick, one of the balls will be energised. This is the principle of the broadband antenna. The general term for broadband antennas of this type is log-periodic. VHF TV antennas typically have multiple dipoles, one for low frequencies like Channel 2 and one for high frequencies like Channels 7 to 10. Just how sensitive a dipole is to frequencies either side of its natural frequency can be manipulated somewhat by the thickness of the elements. The ratio of the natural frequency to bandwidth of a tuned antenna is a performance parameter called the "Q" of the antenna.

Antenna Directivity

We can design an antenna so that it is more sensitive to waves from one direction. Dish antennas are most effective at capturing energy from waves that come from the direction the dish is facing. However, even dipole antennas can be made directional, for example by placing multiple dipoles with spacings between them related to the spacing between crests of the incoming waves. TV antennas get their directivity in this way and need to be pointed at the TV station. Antennas can be arranged in arrays with carefully designed spacing to give any desired directivity, the greater the number of elements, the greater the directivity. Directivity is another performance parameter of the antenna.

Reciprocity

So far we have been talking mostly about receiving antennas. Fortunately there is a "law of reciprocity". It turns out that antennas behave in exactly the same way whether transmitting (that is launching energy into electromagnetic waves) or receiving (extracting energy from electromagnetic waves). We can define the gain of a transmitting antenna as the ratio of the power radiated in a specific direction to the power that would have been radiated had it been radiated uniformly in all directions (isotropic radiation). The peak gain of an antenna is called the directivity. The effective area of a receiving antenna as a function of direction is directly proportional to the gain of the same antenna when used as a transmitter. The effective area is also another performance parameter of antennas. 
Matching

When energy is efficiently coupled into an antenna from an incident electromagnetic wave we still haven't ensured that it will be coupled into the receiver. What we would like is for all the energy coupled into the antenna to be absorbed into the receiver, to give us the maximum signal to noise ratio. Unfortunately this is not easy as the very existence of currents in the antenna means that the antenna is just as likely to re-radiate the energy as another electromagnetic wave. The crucial performance measure of the antenna is what proportion of the intercepted energy is delivered safely to the receiver - the rest will get re-radiated. We are all familiar with power transfer problems of this type. A human pedalling a bicycle is seeking to transfer energy from themselves to the bike. When we choose the right gear we are ensuring the maximum transfer to the bike compared to what we waste in getting hot and sweating. We can say that the gears are a way of matching the human energy source to the bike. Formally, a matched source is defined as one which will achieve the most efficient transfer of its energy. It is the same for antennas - they need to be matched with the right receiver impedance (like resistance) connected across their terminals. On a bike too low a gear will mean that the energy is being extracted from us as kinetic energy. Too high a gear and the energy will be extracted as potential energy. What we need for minimum dissipation as heat is the right balance of the two. In the case of the antenna it is much the same. Too low an impedance means that current conveys the energy and too high, the voltage. 

The Maximum Power Transfer Theorem

It is easy to show that maximum power transfer to and from an antenna occurs when the source or receiver impedance is the same as that of the antenna. Impedance is therefore another performance parameter for antennas. When there is a cable in between this cable must also have the same characteristic impedance. The characteristic impedance of a cable is determined by its dimensions - conductor sizes and spacings. 50 or 75 ohms is standard for unbalanced (coaxial) lines and 300 ohms for the balanced ribbon used for television downleads. When an antenna is not correctly matched internal reflections will occur - detectable as standing waves in the connecting cable.

Polarisation 

You can observe polarisation of optical waves by looking through two polarising sunglasses lenses and rotating one. Each lens allows only one polarisation through and light (as electromagnetic waves) have a mixture of horizontal and vertical polarised components.

Returning to the tennis ball analogy for a moment - if you try oscillating the horizontally held stick vertically instead of horizontally you won't notice any resonant effect. Antennas are the same, they respond only to waves polarised in the right plane relative to the antenna, typically described as vertical or horizontal. For dipole antennas the polarisation can be deduced by how the antenna is mounted. If the arms are horizontal then the antenna will pick up horizontally polarised waves (which would have been generated by a horizontally polarised transmitting antenna). VHF TV transmissions in Australia are horizontally polarised whereas mobile radio using vertical. 

The Discone Antenna 

The Discone antenna has been carefully designed to be broadband, have uniform gain in all horizontal directions, and to match 50 ohms over the full operating bandwidth. The discone antenna consists of a conducting disc on top, and vertical cone underneath. There is a separation between the two. The coaxial feed outer conductor is connected all around to the top of the cone and the centre conductor is connected to the disc. The cone is really one arm of a dipole - very fat on the bottom and thin at the top because this makes it broadband. The disc acts as a sort of mirror reflecting the lower cone above itself, which means that the antenna looks like a full dipole to the incoming electromagnetic waves. The antenna dimensions (disc diameter, spacing, cone height, cone base are all chosen to give the best possible impedance match over the desired bandwidth of interest. The discone described above is vertically polarised.   

History

The discovery of electromagnetic waves is something quite unique in Science - they were predicted from the theories that evolved from earlier experimental observations by Ampere in France, Oersted in Denmark and Faraday in England. These early experiments led to the development of "laws" linking currents and voltages on conductors to electric and magnetic fields in surrounding space. In a remarkable piece of work the Scottish physicist James Clerk Maxwell simplified the laws into a set of famous equations, which when solved, predicted an entirely new phenomenon that until then had never been observed. Heinrich Hertz promptly set up an experiment in his laboratory at the University of Karlesruhe in Germany, which showed electromagnetic waves induced by an "spark transmitter" travelling across the room and in having their energy coupled to an antenna, which produced a spark across its terminals. In essence, any changing current can produce an electromagnetic wave, and the faster the change the greater the intensity of the radiation. If you tune an AM radio off any station, turn up the volume and switch on a nearby light, you will hear the "click" caused by the tiny arc that occurs across the switch contacts as they are ‘interrupted’. A fluorescent light, or a light with a dimmer will continually radiate electromagnetic interference due to the arcing and chopping of the current that takes place in these respective devices.

How we learn

The best way to really understand something is to listen to as many different explanations as you can. The mental effort of bringing different explanations together is a potent driver of learning. Have a look at the explanation about antennas on http://www.howstuffworks.com/radio7.htm and try to relate it to what you now know.

Warren Yates  

atnf-searfe-chat@csiro.au

University of Technology Sydney

April 2002
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