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Modulation: Where Radio Meets Data

Radio Waves carry information through space, so we can enjoy mobile phones, AM/FM car radio, satellite and cable TV, and WiFi laptop Internet services.

Some of the information we want to send starts off as digital data, and some starts off as analog, but all can be carried over radio frequency (RF) waves. Modulation is how
they meet: information is used to change the radio signal in some way, so it can be sent over the air or over wires, and later demodulated and heard, read, or seen.
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Analog Voice Transmission

A mixer is a type of modulator which combines one signal (for example audion) with the radio frequency "carrier." The simplest type of mixer just controls the transmitter power,
and varies it in sync with the audio wave. You can think of this mixer as multiplying the two signals together.

This simplest mixing process produces "amplitude modulation," or AM. Mathematically, this mixer just multiplies the audio signal by the RF carrier signal.
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Time and Frequency

Another way of look at radio waves is by frequency, instead of by time. (Frequency is just the number of complete waves per second.) So here the X axis is frequency and Y
is the amplitude at that frequency.

Here are time-domain and frequency-domain view of a 1 kHz audio tone. A time-domain view is what is normally seen on an oscilloscope:

A frequency domain view shows the tone as a single line, at the 1kHz frequency, and with a height corresponding to the original signal amplitude. A spectrum analyzer shows
shis view:
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AM Spectrum

Here is a plot of an AM signal with an RF carrier of 1200 kHz amplitude modulated with a 1 kHz audio tone:
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Notice the modulated radio signal has the carrier signal and two copies of the information (1 kHz signal), one above and one below. Multiplying the amplitudes of two signals
gives the sum and difference of those two signals! The two signals are called sidebands, and they contain identical information, so one is redundant. So is the carrier, for that

matter, since it never changes, and a signal that never changes carries no information!

Modulation in Hardware

Mixing can be done with electrical components, or it can be done with software and a digtal to analog converter to produce an output voltage. All types of modulation modes
can be produced in either way, though the more complex modulation modes require software at some stage.

Here is a schematic diagram of a mixer realized in electronics components:
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SSB: A More Efficient Mode for Audio

Single-sideband suppressed carrier (SSB for short) modulation eliminates the carrier and one of the two sidebands, and is more efficient though requires more coplex
equipment. Note that there are two types, (+ and -, or upper sideband and lower sideband.)

SSB looks like this in a spectrum plot:
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And in a time-domain plot:
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Note that the SSB transmitted output looks just like input, just shifted up to a much higher frequency!

AT&T Long Lines used SSB for long distance phone calls until the advent of digital telephony, and SSB remains strong in radio communications because of its efficiency and
ability to be understood through noise.
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FM for High Fidelity

Instead of modulating the amplitude, you can also modulate the frequency, or its close cousin, the phase. (Edwin Armstrong invented FM back in the early 1900's, but
resistance from RCA and famous lawsuits from other engineers stunted FM radio until the 1950's.)

Compare the wave for AM and FM when modulated by a single frequency sine wave:

Signal

FM

FM looks roughly like this for a 1 kHz tone and a 75 kHz "deviation":

99.0 MHz 99.1 MHz 99.2 Mhz
FM (Frequency Modulation)

A VHF FM radio broadcast station is allocated 175 kHz of bandwidth, whereas an MF AM station uses only 10 kHz.

An FM receiver "limits" the amplitude of the incoming signal and de-modulates the information from the change in frequency, so FM is much less sensitive to static and noise
bursts than AM or SSB. FM generally requires more of the radio spectrum, or in other words, its "bandwidth" is higher, but in return it gives great audio fidelity.

6 of 12 05/17/2011 01:50 PM



Maker Faire 2011 Modulation Poster http://wab5znu.org/2011/05/modulation/modulation.html

Light Writing

The simplest digital encoding is a very simple amplitude modulation called Off-On Keying. The RF signal is simply turned off and on. (Note that a simple switch does this, and
taking a cue from computers, we can think of it as multiplying by 1 or 0, making a switch a simple form of mixer.)

An early use of OOK was Hellschreiber, which sent text and pictures over telegraph wires (and later radio) by using off to mean white and on to mean black, and scanning
quickly up and down, and more slowly left and right. (Early systems were entirely mechanical.)

DER FELDFERNSCHRE|BER DIENT ZLUR
DER FELDFERNSCHRE|BER DIENT ZLUR

Feldfernschreiber Model 24a - 32, c. 1941
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Modern software implementation

The encoding used by Hellschreiber is a two-dimensional scan.
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Off and On

Telegraphy is another form of off-on keying, and it uses two lengths of "on" to send two different symbols, with spaces between. A sequence of symbols represent a letter, and
the encoding is chosen to make common letters shorter, and uncomming letters, numbers, and symbols longer. Here is an encoding still used today, in order of length:

ETISANMUDGRKFLCZQJ...

This encoding is International Morse code, though there are other less used ones. It is a digital OOK system which can be decoded by humans. In recent years, computer
decoding systems have become available as well, though they still suffer in performance compared to humans, because of the lack of any clock or synchronization
information.
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Modulation for Digital Data

Similar techniques are used to modulate RF with digital data. One of the simplest means is to change between two frequencies, one for a binary 0 and another for a binary 1.
This modulatation is called Frequency Shift Keying.

In the time domain, FSK looks like this:

In a frequency domain view, an RTTY signal looks like this. Note the spreading of the spectrum due to the switching between the two
frequencies.
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Digital modulation requires an "encoding" in addition to modulation. One of the first encodings was Baudot, which uses 5 bits to represent 31 symbols. One of the symbols is a
"shift," which switches to a second set of symbols. In this way we can represent 26 letters, 10 numerals, and a host of punctuation marks and special symbols (such as
backspace). Baudot was later extended to 7 bits of information and 1 bit of "parity" for error correction, in a format called ASCIIl. Most computers today use a descendent of

ASCII.

Baudot punched ta
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Modern Times, Modern Phases

Phase is close cousin to Frequency; if you change the phase of a radio wave, it makes the wave "skip" forward to another section of its waveshape.

The frequency domain plot looks very similar to that FSK plot, and the width is related to how quickly the phase changes. Because phase is a relative measure, it makes the
design of self-clocking systems easy, and computer decoding becomes effective. Many digital modulation systems combine both phase and amplitude modulation.

Here is a Binary Phase-Shift Keying system, where a phase change is used to indicate a 0 and no phase change is used to indicate a 1, and amplitude is used both to send a
clock signal and to reduce the amount of transmitted energy at the time when the sudden phase transition takes place, reducing bandwidth.

Fig 2—The waveform of BPSK sending the Varicode space symbol., with a close-up
of the detail during a phase reversal.

Peter Martinez

Like International Morse, it's advantageous again to use a variable length encoding, and since it's a computer-oriented mode, the encodign is specified as a conversion from
the 8-bits of ASCII-like encoding to a variable length 2 to 11 bits, with 12-bit codes allocated uniformly for all codes 127-255.
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More in the same space

Using four phase changes of 0, 90, 180, and 270 degrees coupled with amplitude changes gives advantages of more data in the same bandwidth, as long as the signal
quality is good (thanks to Claude Shannon!). PSK signals are often visualized with a constellation diagram, showing the relative signal phases, and in more complex systems,
amplitues as well. Here is a constellation chart showing 16-QAM which uses a combination of four amplitudes and phases to achieve 4 bits per transmitted symbol:
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Encodings are again used to provide compression and error correction.

Internet cable modems using the DOCSIS-3 standard use 64-QAM and 256-QAM modulation on radio frequencies in the UHF range and carried over coax cables into your

house.
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