SOE2129 - Communication Systems

School of Engineering and Computer Science, University of Exeter



Lecture 10. Frequency Modulation

Intended Learning Outcomes

A: THRESHOLD LEVEL

A10.1.  Draw time-domain sketches to illustrate FM signals.

A10.2.  Draw a block diagram to show the principle of generating an FM signal using a VCO.

A10.3.  Define the modulation index for FM modulation.

A10.4.  Apply Carson’s rule.

B: GOOD TO EXCELLENT

B10.1.  Draw block diagrams to show ways of creating and demodulating the FM signals, using PLLs.

B10.2.  Discuss the advantages and disadvantages of FM in comparison to AM

B10.3.  Sketch the spectra of the signals generated by FM techniques and show how their spectra are derived from the spectra of the carrier and of the baseband signals.

The Mathcad worksheets relevant to this lecture are com10a and com10b.

Introduction

In FM, the information is in the frequency of the transmitted signal.
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Note: the frequency varies, but the amplitude does not vary.

Generation (modulation)

Generation of FM signals generally involves varying the frequency of an oscillator such as a VCO (voltage controlled oscillator).  To maintain an accurate centre frequency we can use a PLL (phase-locked loop):
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Demodulation

There are many demodulation techniques possible. One of them is to use a PLL.
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If the PLL has a loop filter with a bandwidth wide enough to allow the VCO to track the variations in the input signal frequency, then the VCO control voltage must contain the required audio signal. (The d.c. component of the VCO control voltage is the voltage required for the VCO to oscillate at fc.)
The incoming signal will contain noise. This will cause amplitude variations and it is essential that these amplitude variations are removed by “limiting” before the signal enters the phase detector.

Signal Analysis


The signal analysis required to derive the spectrum of an FM signal is relatively complicated (and definitely list B). Concentrate on learning the results of this analysis and appreciating the implications first, and only think about working through the analysis if you are confident that you have mastered the basics.

First, consider angle modulation in general, and think of a rotating phasor.
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With no modulation 
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and
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now,  is the rate of change of .  
i.e.  
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or looking at this the other way round:
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where we note that 
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 is not a constant but varies with time

So, for FM, we have 
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Note: 
if the peak value of the baseband signal 
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So, we have
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and hence, the emitted signal
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It is difficult (impossible) to analyse this to obtain a general expression for the spectrum for a general (random) baseband signal s(t).

We will analyse it here for a baseband test tone. i.e. for:
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In this simplified case, we obtain
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If 
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This ratio 
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i.e. the modulation index 
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Hence, for an audio test tone, 
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Drawing this in the time domain is relatively easy.
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Analysing what the spectrum looks like in the frequency domain takes a little ( ! ) more effort.




Frequency Domain Analysis

The analysis is a lot easier if we write
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Hence, we have (for sinusoidal modulating baseband signal 
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We can now deal with the two exponential terms separately.

The 
[image: image35.wmf](

)

sin

m

jt

e

bw

 term is periodic function of fundamental frequency fm
It can therefore be expanded as an exponential Fourier series.

i.e.
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The values of an are obtained, as usual, by evaluating the sifting integral
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DON’T PANIC !

Writing
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this integral becomes:
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Yes – this is a fairly horrible looking integral . . . BUT it happens to come up quite a lot, and is a “standard form”. We don’t have to evaluate it ourselves since it has already been done and the results tabulated and programmed into packages like Mathcad. We simply call the function values in exactly the same way as for sine, cosine etc.
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 is a Bessel function (of the “first kind”) of order n and argument  . 

And hence we have our exponential Fourier series, with 
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Substituting this back into our earlier expression for e(t), we have 
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KEEP GOING !

This can be rewritten as 
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WE’VE GOT THERE AT LAST !




This describes a signal with spectral lines (components) at 
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whose amplitudes are given by the Bessel functions 
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Components at frequencies 
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(i.e all but the carrier component at 
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) are referred to as sidebands.

An FM signal has multiple sidebands, which makes it very different from an AM signal.

The larger the modulation index  the more sidebands the FM signal will contain.

Bessel functions and sideband amplitudes/powers

The larger the modulation index  the more sidebands the FM signal will contain.

The value
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 gives the amplitude of the nth sideband. This value varies with modulation index  differently for different values of n.
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From the above plot, we can see that for no modulation ( = 0) we will have:

only carrier ( carrier amplitude given by 
[image: image53.wmf](

)

=

0

01

J

) 

with no sidebands (
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 for all other values of n)

As  increases, the amplitude of the carrier decreases and the amplitudes of the sidebands increase.

Showing the spectrum for a test tone modulated FM signal for different values of modulation index 
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Note:

To find the value of 
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Carson’s rule for bandwidth

The bandwidth of an FM signal is rather difficult to define precisely. In principle, sidebands go on out from the centre carrier frequency for ever, but after a certain number (which increases with ) they are not significant. One rule that can be used in estimating bandwidth is to count only those sidebands which contribute at least 1% of the total signal power.

A much simpler, and pretty accurate, estimate comes from Carson’s rule, which give the RF bandwidth as:
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Comparison with AM

FM uses a much wider bandwidth than AM

Typically, for broadcast, we use 
[image: image73.wmf]b
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 giving a bandwidth of 12 times the baseband bandwidth, which is 6 times the bandwidth of a DSBSC or DSBLC AM signal.

Hence, we can only use FM at higher radio frequencies (VHF and above).

So why use FM?

It has a very significant noise advantage:
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Other advantages and disadvantages . . . 

You will need to use Mathcad to do some of the following SAQs, particularly to use Bessel functions to calculate the power in various sidebands.

SAQ 10.1.

An FM signal, generated using an audio test tone, has a modulation index   = 8.

a. Show that the power contained within one of the 4th order sidebands is approximately 1% of the total signal power.

b. Show that the power contained within the 2nd order sidebands (both of them) is approximately 2.6% of the total signal power.



SAQ 10.2.

An FM signal is generated, using an audio test tone at 4 kHz, with a modulation index of   = 5. 
Show that 25% of the total power is contained within a bandwidth of 20 kHz (centred on the carrier frequency).



SAQ 10.3.

An FM signal is generated, using an audio test tone at 15 kHz, with a modulation index of   = 7. 

a. Show that the (Carson) bandwidth of this signal is 240 kHz.

b. Show that 99% of the total power of this signal is contained within this bandwidth (including modulation sidebands at the very edge of the band.)  (Start by working out how many modulation sidebands this includes.)



SAQ 10.4.

An FM signal is to be generated using an audio signal with a bandwidth of 48 kHz. The RF bandwidth must not exceed 500 kHz. Show that the maximum modulation index should be approximately  = 4.



SAQ 10.5.

An FM signal is created by the following system:




A spectrum analyser is used to monitor the FM output and the gain of the amplifier is turned up from zero until the carrier power in the FM output signal becomes zero. The amplifier output is measured and found to have amplitude 2.4 mV. Show that, in order for the FM output to have a (Carson) bandwidth of 180 kHz, the amplifier’s gain should be adjusted until its output has amplitude 5 mV.
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Bessel function values for  n = 0 to 4 (integers) and b = 0 to 10�
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