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3 Modulation and Communication Channels

3.1 Introduction to Modulation

Definition 3.1. The term baseband is used to designate the band of fre-
quencies of the signal delivered by the source.

Example 3.2. In telephony, the baseband is the audio band (band of voice
signals) of 0 to 3.5 kHz.

Definition 3.3. Modulation11 is a process that causes a shift in the range
of frequencies in a signal.

• Fundamental goal: produce an information-bearing modulated wave
whose properties are best suited to the given communication task.

• The part of the system that performs this task is called the modulator.

Definition 3.4. In baseband communication, baseband signals are trans-
mitted without modulation, that is, without any shift in the range of fre-
quencies of the signal.

3.5. Recall the frequency-shift property:

ej2πfctg (t)
F−−⇀↽−−
F−1

G (f − fc) .

This property states that multiplication of a signal by a factor ej2πfct shifts
the spectrum of that signal by ∆f = fc.

11More general definition: modulation is the systematic alteration of one waveform, called the carrier,
according to the characteristics of another waveform, the modulating signal or message. [3, p 162]
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3.6. Frequency-shifting (frequency translation) is easily achieved by “mul-
tiplying” g(t) by a sinusoid:

g(t) cos(2πfct)
F−−⇀↽−−
F−1

1

2
(G(f − fc) +G(f + fc)) . (31)

Example 3.7. Plot (by hand) the Fourier transforms of the following sig-
nals:

(a) cos(20πt)

(b) cos(20πt)× cos(40πt)

(c) (cos(20πt))2

(d) (cos(20πt))2 × cos(40πt)
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3.8. Similarly,

g(t) cos(2πfct+ φ)
F−−⇀↽−−
F−1

1

2

(
G(f − fc)ejφ +G(f + fc)e

−jφ) . (32)

Definition 3.9. The sinusoidal signals cos(2πfct) in (31) and cos(2πfct+φ)
in (32) are called the (sinusoidal) carrier signals and fc is called the carrier
frequency. In general, it can also has amplitude A and hence the general
expression of the carrier signal is A cos(2πfct+ φ).

Definition 3.10. Communication that uses modulation to shift the fre-
quency spectrum of a signal is known as carrier communication. [5, p
151]

Definition 3.11. We will use m(t) to denote the baseband signal. We will
assume that m(t) is band-limited to B; that is, |M(f)| = 0 for |f | > B.
Note that we usually call it the message or the modulating signal.

3.12. Time-domain effect of modulation:
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Example 3.13. A (Theoretically) Simple Modulator: Consider a message
m(t) produced by a source. Let the transmitted signal be

x(t) =
√

2 cos (2πfct)×m(t).

Then,

X(f) =

√
2

2
M (f − fc) +

√
2

2
M (f + fc) .

The block diagram for this modulator is shown in Figure 7 which also in-
cludes an example of the amplitude spectrum |M(f)| for the message m(t).
With the given message spectrum and the carrier frequency being fc, the
amplitude spectrum |X(f)| for the transmitted signal x(t) is also shown.

1

×

 2 cos 2 cf t

Modulator

Message
(modulating signal)

Figure 7: A simple modulator along with the amplitude spectrum plots of the signals.

Example 3.14. In Figure 8, an audio signal is used as the message m(t).
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Figure 8: Signals in a simple modulator when an audio signal is used as its message.
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Definition 3.15. The process of recovering the signal from the modulated
signal (retranslating the spectrum to its original position) is referred to as
demodulation, or detection.

3.16. Modulation (spectrum shifting) benefits and applications:

(a) Reasonable antenna size:

• For effective radiation of power over a radio link, the antenna size
must be on the order of the wavelength12 of the signal to be radi-
ated.

• “Too low frequency” = “too large antenna”

• Audio signal frequencies are so low (wavelengths are so large) that
impracticably large antennas will be required for radiation.

◦ Shifting the spectrum to a higher frequency (a smaller wave-
length) by modulation solves the problem.

(b) Frequency Assignment, Frequency-Division Multiplexing (FDM)
and Frequency-Division Multiple Access (FDMA):

• If several signals (for example, all radio stations), each occupying
the same frequency band, are transmitted simultaneously over the
same transmission medium, they will all interfere.

◦ Difficult to separate or retrieve them at a receiver.

◦ One solution is to use modulation whereby each radio station
is assigned a distinct carrier frequency.

12Efficient line-of-sight ratio propagation requires antennas whose physical dimensions are at least 1/10
of the signal’s wavelength. [C&C [3], p. 8]

30



∗ Each station transmits a modulated signal, thus shifting the
signal spectrum to its allocated band, which is not occupied
by any other station.

∗ When you tune a radio or television set to a particular sta-
tion, you are selecting one of the many signals being received
at that time.

∗ Since each station has a different assigned carrier frequency,
the desired signal can be separated from the others by fil-
tering.

• Multiplexing is the process of combining (at the local level) sev-
eral signals for simultaneous transmission on a common communi-
cations resource.

• Multiple access (MA) involves remote sharing of the resource.

(c) Channel passband matching.

3.2 Communication Channel: Signal Distortion in Transmission

3.17. Recall that, for a linear, time-invariant (LTI) system, the input-
output relationship is given by

y(t) = h(t) ∗ x(t)

where x(t) is the input, y(t) is the output, and h(t) is the impulse response
of the system.
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In which case,
Y (f) = H(f)X(f)

where H(f) is called the transfer function or frequency response of
the system. |H(f)| and ∠H(f) are called the amplitude response (or
gain) and phase response, respectively. Their plots as functions of f show
at a glance how the system modifies the amplitudes and phases of various
sinusoidal inputs.

Example 3.18. An “extremely nice” channel that does nothing to its input:

y(t) = x(t).

Definition 3.19. A channel is called distortionless if

y(t) = βx(t− τ),

where β and τ are constants.

• The channel output has the same “shape” as its input.

• This is the “best” channel we can hope for. Any transmitted signal
x(t) will need to travel over some distance before it reaches the re-
ceiver. It will be delayed by the propagation time and its power will
be attenuated.
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• A channel is distortionless if and only if it satisfies two properties:

(a) “flat” frequency response: constant amplitude response

(b) linear phase shift

3.20. Major types of distortion

(a) Linear distortion

(i) Amplitude distortion (frequency distortion): H(f) is not constant
with frequency.

(ii) Phase distortion (delay distortion): the phase shift is not linear;
the various frequency components suffer different amounts of time
delay

(b) Nonlinear distortion: occur when the system includes nonlinear ele-
ments

Example 3.21. Amplitude distortion (frequency distortion)

(a) Figure 9 shows signals in a channel with low-frequency attenuation
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Figure 9: Channel with low-frequency attenuation
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Figure 10: An example of H(f) that satisfies the input-output relationship in Figure 9.

(b) Figure 11 shows signals in a channel with high-frequency attenuation
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Figure 11: Channel with high-frequency attenuation

Example 3.22. A common area of confusion is constant phase shift
versus constant time delay. The former, in general, causes distortion.
The latter is desirable and is required for distortionless transmission.

(a) Figure 13 shows signals in a channel with constant phase shift

• Note that the peaks of the phase-shifted signal are substantially
greater (by about 50 percent13) than those of the input test signal.

◦ This is because the components of the distorted signal all attain
maximum or minimum values at the same time, which was not
true of the input.

13Delay distortion is crucial in pulse transmission. On the other hand, an untrained human ear is
insensitive to delay distortion. Thus, delay distortion is seldom of concern in voice and music transmission.
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Figure 12: An example of H(f) that satisfies the input-output relationship in Figure 11.
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Figure 13: Channel with constant phase shift

• Frequency response:
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Figure 14: An example of H(f) that satisfies the input-output relationship in Figure 13.
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(b) Figure 15 shows signals in a channel with linear phase shift Note that
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Figure 15: Channel with linear phase shift
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Therefore, this linear phase shift is the same as the time-shift operation.

3.23. Multipath Propagation and Time Dispersion [7, p 1]

• In wireless channel, the presence of multiple scatterers (buildings, ve-
hicles, hills, and so on) causes the transmitted radio wave to propa-
gate along several different paths (rays) that terminate at the receiver.
Hence, the receive antenna picks up a superposition of multiple atten-
uated and delayed copies of the transmitted signal as shown in Figure
16.

This phenomenon is referred to as multipath propagation. [7, p 1]
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• Due to different lengths of the propagation paths, the individual mul-
tipath components experience different delays (time shifts) [7, p 1]:

y (t) = x (t) ∗ h (t) =
v∑
i=0

βix (t− τi)

where

h (t) =
v∑
i=0

βiδ (t− τi).

Here, βi = |βi|ejφi and τi are, respectively, the complex attenuation
factor and delay associated with the ith path.

Figure 16: Multipath Propagation

• The receiver observes a temporally smeared-out version of the transmit
signal. Such channels are termed time-dispersive

• The corresponding frequency response of the channel is

H (f) =
v∑
i=0

βie
−j2πfτi. (33)

• Time-dispersive channels are frequency-selective in the sense that
different frequencies are attenuated differently. This is clear from the
f -dependent H(f) in (33).

◦ These differences in attenuation become more severe when the dif-
ference of the path delays is large and the difference between the
path attenuations is small. [7, p 3]
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∗ This can be seen from the expression in Ex. 3.28.

• Although multipath propagation has traditionally been viewed as a
transmission impairment, nowadays there is a tendency to consider it as
beneficial since it provides additional degrees of freedom that are known
as delay diversity or frequency diversity and that can be exploited to
realize diversity gains or, in the context of multiantenna systems, even
multiplexing gains. [7]

Example 3.24. Consider two propagation paths in a static environment.
The receive signal is given by

y(t) = β1x(t− τ1) + β2x(t− τ2).

For this example, let’s assume that the channel input x(t) = cos(2πfct).
Furthermore, we also assume that β1 and β2 are real-valued.

3.25. Consider sinusoids, all of which share the same frequency. Their linear
combination is also a sinusoid at that shared frequency. The amplitude and
phase of their combination can be found using phasors.

Example 3.26. cos(t) + sin(t)
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Example 3.27. 4 cos(2t) + 3 sin(2t)

Example 3.28. Two-path channel: Consider two propagation paths in
a static environment. The receive signal is given by

y(t) = β1x(t− τ1) + β2x(t− τ2).

In which case,
h(t) = β1δ(t− τ1) + β2δ(t− τ2)

and

H(f) = β1e
−j2πfτ1 + β2e

−j2πfτ2 = |β1| ejφ1e−j2πfτ1 + |β2| ejφ2e−j2πfτ2.

Recall that |Z1 + Z2|2 = |Z1|2 + |Z2|2 + 2Re {Z1Z
∗
2}. Therefore,

|H (f)|2 = |β1|2 + |β2|2 + 2 Re
{
|β1| ejφ1e−j2πfτ1

(
|β2| ejφ2e−j2πfτ2

)∗}

= |β1|2 + |β2|2 + 2 |β1| |β2| cos (2π (τ2 − τ1) f + (φ1 − φ2)) .

Observation:

(a) In the frequency domain, the “frequency” of the oscillation is deter-
mined by |τ2 − τ1|.

(b) “Depth” of the fluctuation = 4|β1||β2|
|β1|2+|β2|2+2|β1||β2|

39



Example 3.29. Consider the two-path channels in which the receive signal
is given by

y(t) = β1x(t− τ1) + β2x(t− τ2).

Four different cases are considered.

(a) Small |τ1 − τ2| and |β1| � |β2|

(b) Large |τ1 − τ2| and |β1| � |β2|

(c) Small |τ1 − τ2| and |β1| ≈ |β2|

(d) Large |τ1 − τ2| and |β1| ≈ |β2|
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Figure 17: Frequency selectivity in the receive spectra (blue line) for two-path channels.

Figure 17 shows four plots of the normalized14 |X(f)| (dotted black line15)
and the normalized |Y (f)| (solid blue line) in [dB]. Match the four graphs
(i-iv) to the four cases (a-d).

14The function is normalized so that the maximum point is 0 dB.
15For those who are curious, x(t) is a raised cosine pulse with roll-off factor α = 0.2 and symbol duration

T = 0.5.
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