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Quadrature Amplitude Modulation

PSK is limited by the ability of the equipment to distinguish small differences in phase.

This factor limits its potential bit rate. So far, we have been altering only one of the

three characteristics of a sine wave at a time; but what if we alter two? Why not com-

bine ASK and PSK? The idea of using two carriers, one in-phase and the other quadra-

ture, with different amplitude levels for each carrier is the concept behind quadrature

amplitude modulation (QAM).

Quadrature amplitude modulation is a combination ofASK and PSK.

The possible variations of QAM are numerous. Figure 5.14 shows some of these

schemes. Figure 5.14a shows the simplest 4-QAM scheme (four different signal ele-

ment types) using a unipolar NRZ signal to modulate each carrier. This is the same

mechanism we used for ASK (OOK). Part b shows another 4-QAM using polar NRZ,

but this is exactly the same as QPSK. Part c shows another QAM-4 in which we used a

signal with two positive levels to modulate each of the two carriers. Finally, Figure 5.14d

shows a 16-QAM constellation of a signal with eight levels, four positive and four

negative.

Figure 5.14 Constellation diagrams for some QAMs
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Bandwidth for QAM

The minimum bandwidth required for QAM transmission is the same as that required

for ASK and PSK transmission. QAM has the same advantages as PSK over ASK.

5.2 ANALOG-TO-ANALOG CONVERSION

Analog-to-analog conversion, or analog modulation, is the representation of analog

information by an analog signal. One may ask why we need to modulate an analog sig-

nal; it is already analog. Modulation is needed if the medium is bandpass in nature or if

only a bandpass channel is available to us. An example is radio. The government assigns

a narrow bandwidth to each radio station. The analog signal produced by each station is

a low-pass signal, all in the same range. To be able to listen to different stations, the

low-pass signals need to be shifted, each to a different range.
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Analog-to-analog conversion can be accomplished in three ways: amplitude

modulation (AM), frequency modulation (FM), and phase modulation (PM). FM

and PM are usually categorized together. See Figure 5.15.

Figure 5.15 Types ofanalog-to-analog modulation
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Amplitude Modulation

In AM transmission, the carrier signal is modulated so that its amplitude varies with the

changing amplitudes of the modulating signal. The frequency and phase of the carrier

remain the same; only the amplitude changes to follow variations in the information. Fig-

ure 5.16 shows how this concept works. The modulating signal is the envelope of the carrier.

Figure 5.16 Amplitude modulation
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As Figure 5.16 shows, AM is normally implemented by using a simple multiplier

because the amplitude of the carrier signal needs to be changed according to the ampli-

tude of the modulating signal.

AM Bandwidth

Figure 5.16 also shows the bandwidth of an AM signal. The modulation creates a band-

width that is twice the bandwidth of the modulating signal and covers a range centered

on the carrier frequency. However, the signal components above and below the carrier
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frequency carry exactly the same information. For this reason, some implementations

discard one-half of the signals and cut the bandwidth in half.

The total bandwIdth required for AM can be determined

from the bandwidth of the audio signal: BAM =2B.

Stalldard Balldwidth Allocatioll for

The bandwidth of an audio signal (speech and music) is usually 5 kHz. Therefore, an

AM radio station needs a bandwidth of 10kHz. In fact, the Federal Communications

Commission (FCC) allows 10 kHz for each AM station.

AM stations are allowed carrier frequencies anywhere between 530 and 1700 kHz

(1.7 MHz). However, each station's carrier frequency must be separated from those on

either side of it by at least 10 kHz (one AM bandwidth) to avoid interference. If one

station uses a carrier frequency of 1100 kHz, the next station's carrier frequency cannot

be lower than 1110 kHz (see Figure 5.17).

Figure 5.17 AM band allocation
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Frequency Modulation

In FM transmission, the frequency of the carrier signal is modulated to follow the chang-

ing voltage level (amplitude) of the modulating signal. The peak amplitude and phase of

the carrier signal remain constant, but as the amplitude of the information signal

changes, the frequency of the carrier changes correspondingly. Figure 5.18 shows the

relationships of the modulating signal, the carrier signal, and the resultant FM signal.

As Figure 5.18 shows, FM is nOimalIy implemented by using a voltage-controlled

oscillator as with FSK. The frequency of the oscillator changes according to the input

voltage which is the amplitude of the modulating signal.

Balldwidth

Figure 5.18 also shows the bandwidth of an FM signal. The actual bandwidth is diffi-

cult to determine exactly, but it can be shown empirically that it is several times that

of the analog signal or 2(1 + where is a factor depends on modulation technique

with a common value of 4.

The total bandwidth required for FM can be determined from

the bandwidth of the audio signal: BFM =2(1 + )B.
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The bandwidth of an audio signal (speech and music) broadcast in stereo is almost

15 kHz. The FCC allows 200 kHz (0.2 MHz) for each station. This mean = 4 with
some extra guard band. FM stations are allowed carrier frequencies anywhere between

88 and 108 MHz. Stations must be separated by at least 200 kHz to keep their band-

widths from overlapping. To create even more privacy, the FCC requires that in a given

area, only alternate bandwidth allocations may be used. The others remain unused to pre-

vent any possibility of two stations interfering with each other. Given 88 to 108 MHz as

a range, there are 100 potential PM bandwidths in an area, of which 50 can operate at

anyone time. Figure 5.19 illustrates this concept.
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In PM transmission, the phase of the carrier signal is modulated to follow the changing

voltage level (amplitude) of the modulating signal. The peak amplitude and frequency

of the carrier signal remain constant, but as the amplitude of the information signal

changes, the phase of the carrier changes correspondingly. It can proved mathemati-

cally (see Appendix C) that PM is the same as FM with one difference. In FM, the

instantaneous change in the carrier frequency is proportional to the amplitude of the
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modulating signal; in PM the instantaneous change in the carrier frequency is propor-

tional to the derivative of the amplitude of the modulating signal. Figure 5.20 shows the

relationships of the modulating signal, the carrier signal, and the resultant PM signal.

Figure 5.20 Phase modulation
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As Figure 5.20 shows, PM is normally implemented by using a voltage-controlled

oscillator along with a derivative. The frequency of the oscillator changes according to

the derivative of the input voltage which is the amplitude of the modulating signal.

PM Bandwidth

Figure 5.20 also shows the bandwidth of a PM signal. The actual bandwidth is difficult

to determine exactly, but it can be shown empirically that it is several times that of the

analog signal. Although, the formula shows the same bandwidth for FM and PM, the

value of is lower in the case of PM (around 1 for narrowband and 3 for wideband).

The total bandwidth required for PM can be determined from the bandwidth and

maximum amplitude of the modulating signal: BpM = 2(1 + )B.

5.3 RECOMMENDED READING

For more details about subjects discussed in this chapter, we recommend the following

books. The items in brackets [...] refer to the reference list at the end of the text.

Books

Digital-to-analog conversion is discussed in Chapter 14 of [Pea92], Chapter 5 of

[CouOl], and Section 5.2 of [Sta04]. Analog-to-analog conversion is discussed in

Chapters 8 to 13 of [Pea92], Chapter 5 of [CouOl], and Section 5.4 of [Sta04]. [Hsu03]


