Module 7:
AM, FM, and the spectrum
analyzer.



7.0 Introduction

Electromagnetic signals may be used to transmit information very quickly, over great
distances. Two common methods by which information is encoded on radio signals, amplitude
and frequency modulation, will be reviewed in thismodule. Also, the process of retrieving

information from encoded signals will be discussed. Finaly, the basic components of the
spectrum analyzer will be examined.

7.1 Modulation
With the proper equipment, radio signals can be transmitted and received over large distances.
Information may therefore be exchanged over large distances by encoding information on radio
waves. Thisisaccomplished through modulation of radio signals.
— Modulation is the process of encoding information onto a carrier sgna which has
frequency f.. Thiscarrier signd is called the modulated signal, while the information
carrying, or baseband signal isreferred to as the modulating signal.

Two types of modulation will be reviewed in this module.

— Amplitude modulation consists encoding information onto a carrier sgnd by varying the
amplitude of the carrier.

— Freguency modulation consists of encoding information onto a carrier Sgnd by varying
the frequency of the carrier.

Once asgna has been modulated, information is retrieved through a demodul ation process.

7.2 Suppressed carrier amplitude modulation (double sdeband)
A general sinusoidal signal can be expressed as
f(t) = A(t) coso(t).

where the amplitude A and phase angle 6 may, in general, be functions of time. It is convenient to
write time varying angle 6(t) as w_t + ¢(t), therefore the sinusoidal signal may be expressed as

f(t) = A(t)cosjwt + g(1)].
The term A(t) is called the envelope of the signal f(t), and w, is called the carrier frequency.
The process of amplitude modulation consists of the amplitude of the carrier wave being

varied in sympathy with amodulating signal. A mathematical representation of an amplitude
modulated signal is obtained by setting ¢(t) =0 in the expresson for the genera snusoidd
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Figure 1. Amplitude modulation.

signal, and letting the envel ope A(t) be proportional to a modulating signal f(t). What resultsis
anew (modulated)signal, given by
y(t) = f(t)cos(wLt) .

The spectrum of the modulated signal y(t) can be found by using the modulation property of
the Fourier transform. In Chapter 3, the Fourier transform pair was defined as

f(t) = Z_ftzF(@)eimtdm
F(o) - }f(t)ej‘”‘dt.

jergts

The Fourier transform of asignal f(t)e" °isthen

Ff(t)e} - }f(t)ejm"tejm‘dt

= ff(t)e”""”%”dt.
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f(t) g » y(t) = f(t) co(at)

cos(uy)

Figure 2: Amplitude modulation (suppressed carrier)
Thus the Fourier transform off(t)ejmot may be expressed
FH e} = Flo - o).
The amplitude modulated signd y(t) may be written in terms of complex exponentials
y(t) = f(t)coso.t = %f(t)[ej%t ek,

When y(t) is expressed in this form, and from the example above, it can be seen that the Fourier
transform of y(t) is given by

{1 (1) cos(o 1)} = %[F((Dﬂnc) “Flo-oy)|

» €

Lower side Upper side
frequency frequency

Figure 3. Single modulating frequency AM sgnd spedrum.
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Thus, the spedrum of f (t) istrandated by +o_. It isseen that the modulation process cagesthe
frequencies associated with the modulating signal to disappea. Instead, a new frequency spedrum
appeas, consisting of two sidebands, known as the upper sideband (USB), and the lower sideband
(LSB). The spedrum of the modulated signal y(t) doesnot contain the spedrum of the origina
carier, but isstill centeredabout the carier frequency .. Thusthistype of modulationis
referred to as double-sideband, suppressed-carrier amplitude modulation. A block diagram of the
suppressd carier amplitude modulation operation is presented in Figure 2.

If the modulating signal contains a single frequency o,,,, then w =0+, and o, g=m, - ®,
(Figure 3). If modulating signal f(t) has a bandwidth of ,,, , then F(w), the spedrum of f(t), will
extend from -w,,, to +my,,. The upper sideband of the spedrum of the modulated signal Y (w) will
extend from o, to w +w,,. Likewise, the lower sdeband will extend from w.-,, to »,. Boththe
negative and positive frequency componentsof the madulating sgnal f(t) appea as positive
frequencies in the spedrum of the modulated signal y(t). It isalso seen that the badwidth of f(t) is
doubled in the spedrum of the modulated signal when this type of modulation is employed.

F(w)

~ Wy 0 W

2[Flw+w)+Fw-w,)]

A

fffff RO - O,
A——AA W

) 0 W
2w, —— 2,

Figure 4. Spedra of modulating wave and resulting AM waveform
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7.3 AM demodulation

An AM sgnd is demoduated by first mixing themoduated sgna y(t) with another sinusoid
of the same carier frequerncy

y(t) cos(w t) = f(t)cos®(w,t) = %f(t)(1+cos(2wct)).

The Fourier transform of thissgnd is

F{y(t)cos(w,t)} = 9{%f(t)(1+cos(2mct))}
or
1 1
Fly(t)cos(w ) }= E{ F(o) + 7[F(@ +20,) +F(o-20,)]}.
By using alow-passfilter, the frequency components centered at +2 o, can beremoved to leave

only thel/2 F(w) term. It isobviousthat in order to properly recover the original signd it is
necessry that w>wy,. A block diagram of the dmoduation process sshown in Figure 5.

%f(t)(l+ cos(2w,t)) | Low 1
y(t) = f(t)cos(cw.t) —r® Pass — — f(t)
Filter 2

A 4

cos(w.t)
Figure5: AM demodulation.

7.4 Largecarrier amplitude modulation (double sideband)

In pradice the demodulation of suppressed carier amplitude modulated signals requires fairly
complicaed circuitry in order to aajuire and mantain phasesynchronization. A much less
complicaed (and thus lessexpensive) recever can le usedif adightly diff erent moduation scheme
is employed.

Inlarge carrier amplitude modulation, the carrier waveinformation isincorporatedasa part
of the waveform being transmitted. It isconvenient tolet the amplitude of the carier be larger
than any other part of the signal spedral density. While this makes the demodulation processmuch
easer, low-frequency response of the system islost. For some signals however, frequency
response down to zero is not neaded (such asin audio signals).

Consider acarier wave with ampitude A, and frequency ., represented by
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c(t) = Acos(o,t) .
The modulated waveform of alarge carrier AM signal can be hen be expressed mathematicdly as
y(t) = f(t)cos(w,t) + Acos(w,t) .

The spedrum associated with this modulated signal is given by
-1 e A AS
Y((D)—? ((D+(DC)+? (0 - 0,) +TAS(0 + 0,) + TAS(® - w,) .

It is seen that the pedrum of the large carier AM signal isthe same as thatof the suppressd
carier AM sgnd with the addition of impulses at + w..
The large carier AM signal may be rewritten

y(t) = A+f(t)]cos(ooct).

In thisform, y(t) may be thought of as consisting of acarrier signd cos(w t) having amplitude
[A + f(t)]. If the amplitude of the carrier A is sufficiently large, then the eavelopeof the

modulated waveform will be proportional to f(t) (herce the rame*“large carrier” AM).
Demodulation in this case is Smply involves the cetedion of the ewvelope d asinusoid.

Figure 6. Comparison of large carier AM and suppres®dcarier AM.

7-6



7.6 The envelope detector

An envelope detedor is any circuit whose output follows the envelope of an input sgna. The
simplest form of such a detedor isanon-linea charging circuit which hesafast chargetimeand a
dow dischargetime. Thisiseasly implemented by pladng adiode in series with a parallel
combination of a cgpadtor and aresistor. The envelope of an inputsignal is deteded by the
following process

— Theinput waveform (in this case a large carrier AM signal) chargesthe cgpadtor to the
maximum value of the waveform during postive hef-cycles of theinput sgna.

— Astheinput signa falls below maximum, the diode becomes reverse biased, and switches
off.

— Thecamator then legins a relatively dow discharge through the resistor until the next
positive half-cycle.

— Whentheinput signal beaomes greder than the capadtor voltage, the diode becomes
forward biased, and the capadtor charges to a rew pe&k vaue.

For optimum operation, the discharge time constant RC is adjusted so that the maximum
negative rate of the envelope neer exceels theexponential discharge rate.

— If thetime constant is toolarge, the eavelope detedor may misssome postive half-cycles
of the carier, and will not corredly reproduce the avelope of theinput signal.

— If thetime constantis toosmdl, the detedor gereratesa raggel signd.

Figure 7. Envelope detedor.
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7.5 Frequency modulation

Frequency modulation isatype of angle modulation. Angle modulation changes the phase of a
signal aswell asits amplitude, where amgitude modu ation leaves the phase unchanged. Phase
modulation is another type of angle modulation very similar to frequency modulation.

The general form of asinusoidal signal can ke written as

f(t) = A(t) cos[6(1)].

The instantaneous angular frequency of thissignd, w,(t), isthe derivative of the phase

o (t) = %

This definition of instantaneous frequency suggests two obvious methods of angle modulation:

— If the phase angle of a carrier with fundamental frequency o, isvaried linealy with a
modulating waveform f(t)

0(t) = ot + Kk, f(t) + 6

The modulated signd is said to be phase modulated. Here w,, k;, and 6, are constants.
The instantaneous frequency of a phase modulated signal is given by

do df
. w._ + —.
Yot ¢ dt

— If theinstantaneous frequency of a carier with fundamentd frequercy o, isvaried in
proportion to an input modulating signal f(t), such that

o, = w.+ K f(t)

the resulting modulated signal is said to be frequency modulated. Here w, and k;, are
constants. The phase angle as®ciated with the FM signal isgiven by

t
0(t) = [o,(t)dr
/
which may also be expressed
t
0(t) = ot + fkff(r)dr + 8,
0
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Figure 8. FM and PM sgnds

It can be seen in Figure 8 that phase and frequency modulation areclosdly related. For both
phase and frequency modulation, themodulating Sgnal causes the carrier to increase and decrease
from the fundamental frequency ., while the amplitude remains constant. For the FM signal, the
frequency rises with positive modulating amplitudes and falls with negative modulating amplitudes.
For the PM sgnd, thefrequency rises with increasing modulating amplitudes, and decreaseswith
decreasing modulating amplitudes.

Freguency modulation has severa advantages over amplitude modulation:

The radiated signal level remains constant, therefore transmitters can be run at a constant
power output.

— Amplitude variations due to externa interference sources are not interpreted as sgnas.
— Selective fading does not occur because theamplitude of the carrier is constant.
— Itispossble to design systems having better dynamic range and sgna-to-noise ratio.
The obvious disadvantage of frequency modulation isthat a greater bandwidth is required than for

amplitude modulation.
Another significant difference between amplitude and angle modulation has to do with the
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relationship between the modulated and modulating signals. When signals are amplitude
modulated, a one-to-one correspondence exists between the modul ated and modulating signals. In
this case the modulation is said to belinear. Thislinear relationship does not always exist for
phase and frequency modulation. As aresult, the s debands associated with angle modulation do
not obey the principle of superposition.
7.6 Spectral content of FM signals

Unlike amplitude modulation, frequency modulation produces (theoreticaly) an infinite number
of sidebands. It isnot possible to evaluate the Fourier transform of ageneral FM sgnd, therefore,
for the sake of simplicity, the case of asnusoidd modulating Sgnd isconsdered. Inthiscase

f(t) = Acos(w,t)
and the instantaneous frequency is
o, (1) = o, + Ak.cos(o,t)

which may be expressed

o, (1) = o, + Ancos(w,t)

where Aw is called the peak frequency deviation. The phase angle of the FM signal may be
expressed

t
0(t) = [w(r)dr
/
which may be expressed

0(t) = ot +psin(o,b)

where B=Aw/w, isthe modulation index of the FM sgnd.
The resulting FM sgnal may be expressed in phasor notation as

y(t) = Re{Ael®}
or

y(t) _ Re{AejmctejBS'nmmt} .

The second exponential term in the express on above can be expanded in a Fourier series
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where J (B)isthe Bessel function of the first kind of order n. Using thisresult gives

ejBQnmmt _ Z Jn(B)ejnmmt

n= -«

therefore

y(t) = Re{Aejmct i Jn(B)ej”mmt} = A i J.(B)cos(w, + nw)t.

n= -« n=-o

Fromthisit is evident that an FM waveformwith snusoida modulation has an infinite number of
sidebands. However, the magnitudes of the spectral components of the higher-order sidebands are
negligible. The number of sidebands which are significant depend on the order of the Bessel
function n, and the value of p.

w -3, -, w+w,  w+3Ww
Figure 9. Spectrum of an FM waveform.
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7.7 FM demodulation
Many methods of recovering information from an FM waveform exist. One method involves
the use of a system that has alinear frequency-to-voltage transfer characteristic. Thistype of

systemisreferred to asa discriminator. The simplest such device isan ideal differentiator.
A general FM waveform may be expressed

y(t) = Acos[ooct + kf]f(r)d‘c}.
0

If A isaconstant then

% = —A{@C+kff(t)]sin ooct+kf{f(r)dr].

If k. f(t) « o, thenthe expression above has thefrom of an AM signal with envelope

Aooc[l + (Dﬁ f(t)}

Cc
having frequency

o, + kK f(t).

Thus, the differentiator has converted the FM sgna into an AM signal with aslight frequency
variation (assuming that k. f(t) « w_). The origina waveform may now be recovered by an
envelope detector.

7.8 The spectrum analyzer

Spectrum analyzers are instruments that are used to measure the spectrum of periodic
waveforms. The most common type of spectrum analyzer contains a superheterodyne receiver. A
different type of spectrum andyzer that has had increasng popularity iscalled a Fast Fourier
Transform (FFT) spectrum analyzer. These two types of spectrum analyzers will be discussed in
this section.

— Superheterodyne spectrum analyzers

A spectrum analyzer is an example of a superheterodyne receiver. Each frequency
component of asignal is mixed down to an intermediate frequency whereit can be measured
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Figure 10. Superheterodyne spectrum analyzer
and manipulated. A ssimple block diagram of a superheterodyne spectrum anadyzer is shown
above.

An input signal passes through alow passfilter to amixer, where it mixeswith asignal
from alocal oscillator.

The output of the mixer includes not only the signals from the local oscillator and the low
passfilter, but aso the harmonics, and the sums and differences of the origind sgna
frequencies and their harmonics.

— Any of the mixed signal that falls within the passband of the intermediate frequency filter is
processed further, rectified by a detector, digitized, and applied to the vertical plates of a
cathode-ray tube to produce averticd deflection onthe CRT screen.

— A ramp generator deflects the CRT beam horizontdly across the screen from left toright.
The ramp generator aso tunes theloca oscillator so that itsfrequency changesin
proportion to the ramp voltage.

The spectrum analyzer shown above bears a strong resemblance to a superheterodyne AM
radio that receives ordinary AM radio broadcasts. The output of the spectrum analyzer isthe
screen of a CRT instead of a speaker, and the local oscillator istuned electronically instead of
mechanically by a selector knob.

detectors

To convert the IF sgnd from the IF bandpassfilter to a constant voltage that the display
can correctly process, some sort of detector must be used. Common types of detectors used in
spectrum analyzers are peak, quasi-peak, and envelope detectors. Many regulatory agencies
specify separate limitsfor these detectors. Thisis done because infrequently occurring events
will result in ameasured quas-peak leve that issmaller than what would be measured with a
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peak detector. Schematic diagrams of peak and quasi-peak detectors are shown below. These
diagrams are simple approximations of actua detectors that may bemore complicated.

In the peak detector, the IF Sgnd is rectified by the diode. The postive voltage that
reaches the capacitor charges the capacitor toa maximumvalue. This voltageisthen
processed and displayed. Therefore, even infrequent events will be measured by the peak
detector. The quasi-peak detector has aresistor in parald with the capacitor. Thisresistor
provides a current path through which the capacitor can discharge. Therefore, infrequent
events might give alower measurement with a quasi-peak detector because the voltage stored
in the capacitor decaysfaster in time than in the peak detector.

Peak Detector Quasi-Peak Detector

o—Pp—A\W o o——p—MA\ o

+ + + +
Vin Vout Vin § Vout

Figure 11. Peak and Quasi-Peak Detectors
The reason for the distinction between detectorsisthat theintent of the regulatory limitsisto
prevent interference in wire and radio communications receivers. Infrequent spikes and other
short duration noise events do not substantidly prevent the reception of desired information.

N |
A
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Fast Fourier Transform spectrum analyzers

Another type of spectrum analyzer isa Fast Fourier Transform (FFT) spectrum analyzer.
The FFT spectrum analyzer works by sampling and digitizing theinput sgnal and then
performing adiscrete FFT on the digitized signal. FFT spectrum analyzers are able to preserve
the phase information of asignal, which is difficult for a simple superheterodyne spectrum
analyzer. Some of the disadvantages of an FFT spectrum analyzer are that the sengtivity,
frequency range, and overall dynamic range arelower than current superheterodyne spectrum
analyzers
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