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CHAPTER 2
AMPLITUDE MODULATION

MODULATION DEGREE AND SIDEBAND AMPLITUDE

Amplitude modulation of a sine or cosine carrier results in a variation of the carrier
amplitude in proportion to the amplitude of the modulating signal. In the time do-
main (i.e., amplitude versus time), amplitude modulation of a sinusoidal carrier by
another sinusoid would appear as in Figure 1A. The mathematical expression for
this complex wave shows that it is the sum of three sinusoids of different frequencies.
One of these has the same frequency and amplitude as the unmodulated carrier. The
second sinusoid is at a frequency equal to the sum of the carrier frequency and the
modulation frequency; this component is called the upper sideband. The third
sinusoid is at a frequency equal to the carrier frequency minus the modulation fre-
quency; this component is called the lower sideband. These two sideband com-
ponents have equal amplitudes; the amplitude is proportional to the amplitude of
the modulating signal. Figure 1B shows the carrier and sideband components of the
amplitude modulated wave of Figure 1A as they would appear in the frequency
domain (i.e., amplitude versus frequency).

A measure of the amount of modulation is m, the degree of modulation. Usually
this is expressed as a percentage, called the percent modulation. In the time domain,
degree of modulation for sinusoidal modulation is calculated as in Figure 2A.
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Since the modulation is symmetrical:
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Figure 1A. Time domain (oscilloscope) Figure 1B. Frequency domain (spectrum
display of an amplitude modulated car- analyzer) display of an amplitude modu-
rier. lated carrier.
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Figure 2. Calculation of degree of amplitude modulation from time domain and frequency
domain displays.
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When all three components of the modulated signal are in phase, they add together
linearly, and form the maximum signal amplitude E,,., (Figure 2):
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For 100% modulation (m = 1.0), the amplitude of each sideband will be one-
half of the carrier amplitude (voltage). Thus, each sideband will be 6 dB less than
the carrier, or one-fourth of the power of the carrier. Since the carrier component
is not changed with amplitude modulation, the total power in the 100% modulated
wave is 50% higher than in the unmodulated carrier.

Although it is easy to calculate modulation percentage M (= m - 100%) from a
linear presentation in frequency or time domain, the logarithmic display on the spec-
trum analyzer offers some advantages, especially at low modulation percentages.
Due to the high dynamic range of up to 70 dB the spectrum analyzer allows accurate
measurements of modulation percentage M as low as 0.06%. This can easily be seen
in Figure 3, where M = 2%:; i.e., the sideband amplitudes are only 1% of the carrier
amplitude. Figure 3A shows a time domain display of an amplitude modulated car-
rier with M = 2%. It is difficult to measure M on this display. Figure 3B shows the
signal in frequency domain with the logarithmic display. The sideband amplitudes
can easily be measured in dB below the carrier and then converted into M. (Vertical
10 dB/[Diy.)
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Figure 3. Time and frequency domain views of low level (2%) AM.
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Figure 4. Modulation percentage M vs. Sideband level (Log Display).

The relationship between m and the logarithmic display can be expressed as:
Espam — Ecan = 20 log %

or
Espany — Ecam +6dB =20 log m

Figure 4 allows an easy conversion of a log display (lin dB scale) into modula-
tion percentage M.

Figure 5 and 6 show typical displays of a carrier modulated by a sine wave at
different modulation levels in time and frequency domain.

Using the analyzer as a manually tuned receiver (“zero scan”), we can recover
the amplitude modulation of a transmitter by tuning the signal into the center of the
IF bandpass filter and display the detector output in time domain on the analyzer's
CRT. In this operation mode it is important to select an IF bandwidth which is at
least twice the highest modulation frequency of interest. Also the analyzer must be
operated in linear mode. Due to the slow scan speed used in this application, a
variable persistence display (storage) is very helpful. Figure 7 shows an example.

Using the formula m = Epax— Enin , the maximum modulation degree during a

AR T
ten-second time interval is calculated to m = 0.83 or M = 83%.

Note: Figure 7 shows the variations of the modulating signal, not the modula-
tion envelope of an RF carrier.

We also can listen to the demodulated signal by connecting a (high impedance)
set of headphones to the “Vertical Output.”
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Figure 5. A shows a time domain photo-
graph of an amplitude modulated carrier.
The percent modulation is: M = (6-2)/
(6+2) = 4/8 =50%. {Scope calibration 0.1
msec/division, 50 mV/division.) The same
waveform is measured in the frequency
domain in B. Since the carrier and side-
bands differ by 12 dB, M = 50%. Fre-
quency scan is 10 kHz/division centered
at 60 MHz, and the log reference level is
+10 dBm. You can also measure the 2nd
and 3rd harmonic distortion on this wave-
form. 2nd harmonic sidebands atf.=2f,
are 28 dB down.

Figure 6. A shows an overmodulated
(M > 100%) 30 MHz signal in time do-
main, f., = 2 kHz. (0.2 ms/Div, 50 mV/
Div). The carrier is cut off at the modu-
lation minima. B is the frequency domain
display of the signal. Note that the first
sideband pair is only 4 dB lower than the
carrier. Also the occupied bandwidth is
much greater because of severe distor-
tion of the modulating signal. (5 kHz/Div,
10 dB/Div, BW 100 Hz.)

Figure 5.

Figure 6.

Figure 7. Picture of a voice modulated
AM transmitter, Zero Scan, IF bandwidth
10 kHz, Display Sweep Time 1 sec/Div,
Linear Display.




SPECIAL FORMS OF AMPLITUDE MODULATION

We know that a change in the degree of modulation of a particular carrier does
not change the amplitude of the carrier component itself. It is the amplitude of the
sidebands that is changed, thus changing the amplitude of composite wave. Since
the amplitude of the carrier component does not change, all the transmitted informa-
tion must be contained in the sidebands. Therefore, the rather considerable power
transmitted in the carrier is essentially wasted. For improved power efficiency, the
carrier component may be suppressed (usually by the use of a balanced modulator
circuit), so that the transmitted wave consists only of the upper and lower sidebands.
This type of modulation is called Double Sideband-Suppressed Carrier, or DSB-SC.
The carrier must be reinserted at the receiver, however, to recover this type of modu-
lation. In the time and frequency domains, DSB-SC modulation appears as in Figure 8.

Single Sideband

For today’s communication, the most important type of amplitude modulation is
single sideband with suppressed carrier (SSB). Either the upper or lower sideband
can be transmitted, giving either SSB-USB or SSB-LSB. (The SSB prefix may also
be omitted.) Since each sideband is displaced from the carrier by the same frequency,
and the two sidebands have equal amplitudes, it follows that any information con-
tained in one must also be in the other. Eliminating one of the sidebands cuts the
power requirements by half and also halves the transmission bandwidth (frequency
spectrum width) required to transmit the signal. This is essential for long range
communication links in the crowded short-wave bands.

SSB is also used extensively throughout the telephone systems to combine many
separate messages into a composite signal (baseband) by frequency multiplexing.
By this method, up to several thousand 4 kHz wide channels containing voice, routing
signals, and pilot carriers are combined. This composite signal can either be sent
directly via coaxial lines or used to modulate microwave link transmitters.

The SSB signal is commonly generated at a fixed frequency by filtering or by
phasing techniques. This necessitates mixing and amplification to get the desired
transmitting frequency and output power. These stages following the SSB generator
must be extremely linear to avoid any distortion of the signal resulting in unwanted
in-band and out-of-band intermodulation products which can introduce severe inter-
ference in adjacent channels.

Vertical: 10 dB/Div. Vertical: Uncalibrated.
Horizontal: 1 MHz/Div. Horizontal: 100 ns/Div.

Figure 8. Frequency and time domain presentations of balanced modulator output. Note
suppression of carrier (> 40 dB). (Inputs: fc = 50 MHz at 5 mW, fm = 1 MHz at 140 mV.)
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CHAPTER 3
ANGULAR MODULATION

DEFINITIONS
The two basic kinds of angular modulation are frequency modulation and phase
modulation. A basic equation applicable to both kinds of modulation is:

Adpoay = m = S

where:
Adpear = peak phase deviation of carrier (radians)
m = modulation index
Afyeax = peak frequency deviation of carrier (Hz)
fm= modulation frequency (Hz)

Note that none of these terms, as defined, contain any reference to the amplitude
of the modulating signal. Definitions of the two kinds of angular modulation relate
the proportionality of the amplitude of the modulating signal to either the phase or
frequency characteristics of the carrier, as follows:

Frequency Modulation: The instantaneous frequency deviation of the modulated
carrier with respect to the frequency of the unmodulated carrier is proportional
to the amplitude of the modulating signal. (The ratio of the peak frequency devia-
tion of the carrier to the frequency of the modulating signal is m, the modulation
index. The modulation index is equal to the peak phase deviation of the carrier
in radians.)

Phase Modulation: The instantaneous phase deviation of the modulated carrier
with respect to the phase of the unmodulated carrier is proportional to the ampli-
tude of the modulating signal. (The peak phase deviation of the carrier, in radi-
ans, is the modulation index. As in frequency modulation, the modulation index
is equal to the ratio of the peak frequency deviation of the carrier to the frequency
of the modulating signal.)

It should be noted that the definitions of these forms of modulation are indepen-
dent of the modulating frequency. In each case, the modulated property of the carrier
is deviated in proportion to the instantaneous amplitude of the modulating signal,
regardless of the rate at which that amplitude may be changing. In angular modula-
tion, however, the frequency of the modulating signal is important and appears in
the expression for modulation index.

Comparing the basic equation with the definitions of both modulation forms, we
can find two essential facts:

1. A carrier sine wave modulated with a single sine wave of constant frequency and
amplitude will give the same resultant signal properties (i.e., the same spectrum
display) for frequency and phase modulation. A distinction in this case can be made
only by a direct comparison of the signal with the modulating wave as shown in
Figure 10.

2. Phase modulation can generally be converted into frequency modulation by

choosing the frequency response of the modulator so that its output voltage is
proportional to 1/f,, (integration of the modulating signal).
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Figure 10. Phase and frequency modulation of a sine wave carrier by a sine wave signal.

Because phase modulation can be applied in an amplifier stage of a transmitter,
a very stable crystal-controlled oscillator can be used. Thus, “indirect FM” is com-
monly used in VHF and UHF communication stations where high stability of the
carrier frequencies are required.

It can also be seen that the amplitude of the modulated signal always stays con-
stant, regardless of modulation frequency and amplitude. The modulating signal
adds no power to the carrier as it does with AM.

A mathematical treatment shows that, in contrast to AM, an angular modulation
of a sine wave carrier with a single sine wave yields an infinite number of sidebands
spaced by the modulation frequency, f,,. For a distortion-free detection of the modu-
lating signal, all sidebands must be transmitted. The spectral components (including
the carrier component) change their amplitudes when m is varied. The sum of the
squares of these components always yields a composite signal with an average power
which is constant and equal to the average power of the unmodulated carrier wave.

The curves of Figure 11 show the relation (Bessel function) between the carrier
and sideband amplitudes of the modulated wave as a function of the modulation
index m. Note that the carrier component J, and the various sidebands J, go to zero
amplitude at specific values of m.

From these curves we can get the amplitudes of the carrier and the sideband
components in relation to the unmodulated carrier. As an example, we find for a
modulation index of m = 3 the following amplitudes:

Carrier 0o =0.27
First order sideband J:=10.33
Second order sideband  J, =0.48
Third order sideband Js=0.33 ete.

9
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Figure 11, Carrier and sideband amplitudes for angle-modulated signals.

The sign of the values we get from the curves is of no significance since the
spectrum analyzer displays only the absolute amplitudes.

The exact values for the modulation index corresponding to each of the carrier
zeros are listed in Table L

Table I. Values of Modulation Index for Which
Carrier Amplitude Is Zero

Order of Carrier Zero Modulation Index
1 2.40
2 5.52
3 8.65
4 11.79
5
6
mn

14.93
18.07
(n=>6) 18.07+ 7 (n—6)

BANDWIDTH OF FM SIGNALS

In practice the spectrum of an FM signal is not infinite. The sideband amplitudes
become negligibly small beyond a certain frequency range from the carrier, de-
pending on the magnitude of m. We can determine the bandwidth required for a low
distortion transmission by counting the number of significant sidebands. With the
word “‘significant” we usually mean all those sidebands which have a voltage at
least 1 percent (—40 dB) of the voltage of the unmodulated carrier.

We will now investigate the spectral behavior of an FM signal for different values
of m. In Figure 12 we see the spectra of a signal for m = 0.2, 1, 5, 10. The sinusoidal
modulating signal has the constant frequency f,,, so that m is proportional to its
amplitude. In Figure 13 the amplitude of the modulating signal is held constant and,
therefore, m is varied by changing the modulating frequency.
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We can see two important facts from the preceding pictures:

1. For very low modulation indices (m less than 0.2), we get actually only one sig-
nificant pair of sidebands. The required bandwidth in this case is 2 - f,, as with AM.
2. For very high modulation indices (m more than 100), the bandwidth equals 2- A fjeax.

For values of m between these margins we have to count the significant sidebands.

Figures 14 and 15 show the analyzer displays of two FM signals, one with m =
0.2, the other with m = 95.

Figure 14. 50 MHz carrier modulated Figure 15. 50 MHz carrier modulated
with f,, = 10 kHz and m=0.2, 10 kHz/Div, with f, = 1.5 kHz and m =95, 50 kHz/Div,
10 dB/Div, B = 1 kHz. 10 dB/Div, B = 100 Hz.

Figure 16 shows the bandwidth requirements for a low distortion transmission
in relation to m:

For voice communication a higher degree of distortion can be tolerated; i.e., all
sidebands with less than 10% of the carrier voltage (—20 dB) can be neglected in
this case. We can calculate the necessary bandwidth B with the approximation:

B = 2Afseax + 2 fn
or
B=2f,(1+m)

All the above discussion on FM sideband frequencies and bandwidth has been
based on a single sine wave as the modulating signal. The extension to more complex

Bandwidth/Af
O = N W s @~ @

Figure 16. Bandwidth requirements vs. modulation index, m.
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Figure 17. This is the spectrum for an FM signal at 50 MHz. The deviation has been adjusted
for the first carrier null. f,, is 10 kHz, therefore, Af,.. = 2.4 x 10 kHz = 24 kHz. 20 kHz/Div,
10 dB/Div, B = 1 kHz.

and more realistic modulating signals is very difficult. However, the single tone
method can provide useful information as the following example shows:

An FM broadcast station has a maximum frequency deviation (which is deter-
mined by the maximum amplitude of the modulating signal) of Af,.. = 75 kHz.
The highest modulation frequency f,, = 15 kHz. This yields a modulation index
m =5, and the resulting signal will have eight significant sideband pairs. Thus the
required bandwidth can be calculated to: 2 X 8 X 15 kHz = 240 kHz. For modulation
frequencies below 15 kHz (same amplitude assumed), the modulation index increases
above 5 and the bandwidth eventually approaches 2 Afyea = 150 kHz for very low
modulation frequencies.

Thus we can calculate the required transmission bandwidth using the highest
modulation frequency and the maximum frequency deviation Af} .

FM MEASUREMENTS WITH THE SPECTRUM ANALYZER

The spectrum analyzer is a very useful tool for measuring Afyear, m, and for fast
and accurate adjustments of FM transmitters. It is also frequently used for calibra-
tion of frequency deviation meters.

A signal generator or transmitter is adjusted to a precise frequency deviation with
the aid of the spectrum analyzer using one of the carrier zeros and selecting the
appropriate modulating frequency. In Figure 17, a modulation frequency of 10 kHz
and a modulation index of 2.4 (first carrier null) necessitate a carrier peak frequency
deviation of exactly 24 kHz. Since the modulation frequency can be easily set ac-
curately with the aid of a frequency counter, and the modulation index is also known
accurately, the frequency deviation thus generated is equally accurate.

Table II is a useful chart that provides the modulation frequency to be set on
the counter for commonly used values of deviation for the various orders of carrier

Zeros.

Table Il. List of Modulation Frequencies to Be Used to Set Up
Certain Convenient FM Deviations.

Order of Commonly Used Values of FM Peak Deviation
Carrier | Modulati
Zero Index 7.5 kHz | 10 kHz | 15 kHz | 25 kHz | 30 kHz | 50 kHz |75 kHz [100 kHz |150 kHz | 250 kHz (300 kHz
1 240 3.12 4.16 6.25 1042 | 1250 | 2083 |31.25 41.67 62.50 104.17 | 125.00
2 5.52 1.36 1.81 272 4.53 543 9.06 | 13.59 18.12 RTT: 45,29 54.35
3 8.65 BT 1.16 1.73 2.89 3.47 578 8.67 11.56 17.34 28.90 34,68
4 11.79 66 .83 1.27 2.12 2.54 4.24 (.36 8.48 12,72 21.20 25.45
5 14.93 .50 67 1.00 L67 2,01 3.35 5.02 6,70 10.05 16.74 20.09
6 18.07 A2 .55 83 1.88 1.66 2.7 4,15 5,53 8.30 13.54 16.60
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SPECTRUM ANALYZER DISCRIMINATOR AC VOLTMETER
RF Section HP 5210A Plus HP 3400A

HP 10531A o
Low Pass Filter HP 8052A
(HP 461A) ’Y\] ® N
o
| Pl
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Figure 20. A typical setup.

Figures 21 and 22 show FM broadcast stations, one modulated with a mono
signal, and the other with stereo multiplex. Note that in the latter case the spectrum
envelope resembles an FM signal with low modulation index. This is due to the fact
that the stereo modulation signal contains additional information in the frequency
range of 23 to 53 kHz, far beyond the audio frequency limit of 15 kHz. Since the
occupied bandwidth must not exceed the bandwidth of a transmitter modulated with
a mono signal, the maximum frequency deviation of the carrier must be kept sub-
stantially lower.

Although the HP Spectrum Analyzers have no built-in FM discriminators, it is
possible to recover the modulating signal with sufficient linearity by slope detection.
Here the analyzer is used as a manually tuned receiver (zero scan) with sufficient
IF bandwidth. But in contrast to AM the signal is not tuned into the passband center
but to one slope of the filter curve as illustrated in Figure 23.

At the slope, the frequency variations of the FM signal are converted into ampli-
tude variations (FM to AM conversion). The resultant AM signal is then detected
with the envelope detector. The detector output can then be displayed in time do-
main and is also available at the vertical output.

A disadvantage of this method is that the detector also responds to amplitude
variations of the signal.

Figure 21. FM broadcast transmitter Figure 22. FM broadcast transmitter
modulated with a mono signal. 50 kHz/ modulated with a stereo signal. 50 kHz/
Div, 10 dB/Div, B = 3 kHz, scan 50 ms/ Div, 10 dB/Div, B = 3 kHz, scan 50 ms/
Div, approx. 50 scans. Div, approx. 50 scans.
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Figure 23. Slope detection of an FM signal.

AM PLUS FM (Incidental FM)

Although AM and angular modulation are different modulation methods, they
have one property in common: they always produce a symmetrical sideband spec-
trum.

In Figure 24 we see a modulated carrier with unsymmetrical sidebands. The
only way that we can have one sideband larger than the corresponding other is for
both AM and FM or phase modulation to exist simultaneously and at the same modu-
lating frequency. The reason is that the phase relations between carrier and sidebands
are different for AM and angular modulation (see Appendix). Since the sideband
components of both modulation types add together geometrically, the resultant ampli-
tude of one sideband is reduced. The amplitude of the other is increased respectively.
The spectrum analyzer does not retain any phase information and thus displays the
absolute magnitude of the result.

For relatively low amounts of FM the modulation degree of the AM component
can be calculated with acceptable accuracy by taking the average amplitude of the
first sideband pair. The amount of incidental FM can only be calculated if the phase
relation between the AM and FM sideband vector is known. It is not possible to
measure Afie. of the incidental FM using the slope detection method, because
of the simultaneously existent AM.

The best way is to use the 3 MHz IF output of a modified IF section (analyzer in
“zero scan” mode), and to feed the output signal into a limiting amplifier to remove
the AM component and measure the frequency deviation with a frequency discrimina-
tor. For higher sensitivity the frequency of the output signal can be multiplied, thus
increasing the frequency deviation by the multiplication factor. However, for low
deviations the residual FM of the analyzer itself has to be taken into consideration.

Figure 24. Pure AM or FM signals always
have equal sidebands, but when the two
are present together, the modulation
vectors usually add in one sideband and
subtract in the other. Thus unequal side-
bands are an indication of simultaneous
AM and FM. This CW signal is amplitude
modulated 80% at a 10 kHz rate. The
harmonic distortion and incidental FM
are clearly visible.



















