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Figure	2.21			(a)	A	single-pole	active	low-pass	(ilter	
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Figure	2.25 (a)	An	active	band-pass	(ilter
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Signal Modulation94 Sensors and Actuators: Engineering System Instrumentation

 3. Pulse-width modulation (PWM)
 4. Pulse-frequency modulation (PFM)

In AM, the amplitude of a periodic carrier signal is varied according to the amplitude of the data sig-
nal (modulating signal) while keeping the frequency of the carrier signal (carrier frequency) constant. 
Suppose that the transient signal shown in Figure 2.28a is the modulating signal and a high-frequency 
sinusoidal signal is used as the carrier signal. The resulting amplitude-modulated signal is shown in 
Figure 2.28b. AM is used in telecommunication, transmission of radio and TV signals, instrumentation, 
and signal conditioning. The underlying principle is particularly useful in applications such as sensing 
and instrumentation of engineering systems, and fault detection and diagnosis in rotating machinery.

In FM, the frequency of the carrier signal is varied in proportion to the amplitude of the data signal 
(modulating signal) while keeping the amplitude of the carrier signal constant. Suppose that the data 
signal shown in Figure 2.28a is used to frequency-modulate a sinusoidal carrier signal. The modulated 
result will appear as in Figure 2.28c. Since in FM, the information is carried as frequency rather than 
amplitude, any noise that might alter the signal amplitude will have virtually no effect on the trans-
mitted data. Hence, FM is less susceptible to noise than AM. Furthermore, since in FM the carrier 
amplitude is kept constant, signal weakening and noise effects that are unavoidable in long-distance 
data communication/transmission will have less effect than in the case of AM, particularly if the data 
signal level is low in the beginning. However, more sophisticated techniques and hardware are needed 
for signal recovery (demodulation) in FM transmission because FM demodulation involves frequency 
discrimination rather than amplitude detection. FM is also widely used in radio transmission and in 
data recording and replay.

In PWM, the carrier signal is a pulse sequence of constant amplitude. The pulse width is changed in 
proportion to the amplitude of the data signal while keeping the pulse spacing constant. This is illus-
trated in Figure 2.28d. Suppose that the high level of the PWM signal corresponds to the on condition 

(a) (b)

(c)

t
Time t

t

(d)

t

(e)

t

FIGURE 2.28 (a) Modulating signal (data signal), (b) amplitude-modulated (AM) signal, (c) frequency-modulated 
(FM) signal, (d) pulse-width-modulated (PWM) signal, and (e) pulse-frequency-modulated (PFM) signal.
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99Component Interconnection and Signal Conditioning

 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
 6. Fault detection and diagnosis of rotating machinery

The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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FIGURE 2.31 Representation of an amplitude modulator.
xc(t) = accos2π fc t

x(t)

xa(t) = x(t) xc(t)
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FIGURE 2.31 Representation of an amplitude modulator.

Amplitude Modulation

Why amplitude modulate radio signals?

1. The sum of the modulated signals from multiple radio stations can be broadcast 
over long distances.

2. It is relatively easy to recover one radio station’s data signal, x(t), from the sum of 
the modulated signals from multiple radio stations.

AM Radio
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of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.

Modulated
signal

Carrier
signal

Modulating
input
(data)

Multiplier

Out

FIGURE 2.31 Representation of an amplitude modulator.
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modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 

M

2
M

(a) Frequency f

~|X( f )|

–fb fb0–2fc 2fc

Carrier

(b)

Multiplier

Out 

Modulated signal
xa(t) ~x(t) Low-pass

filter

Cutoff = fb

Original signal
x(t)

ac
2 cos 2πfct

FIGURE 2.32 Amplitude demodulation: (a) spectrum of the signal after the second modulation and (b) demodu-
lation schematic diagram (modulation + filtering).
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What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	
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 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
 6. Fault detection and diagnosis of rotating machinery

The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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FIGURE 2.31 Representation of an amplitude modulator.
xc(t) = accos2π fc t
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shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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Xa( jω) = xa(t)e− jωt dt−∞

+∞
∫

What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

The	Fourier	transform,	Xa(jω),	of	xa(t),	is:

where	ω	is	the	frequency	in	radians/sec.	

Xa( f ) = xa(t)e− j2π f t dt−∞

+∞
∫

Or	we	can	choose	to	measure	frequency	in	cycles/sec,	and	write	the	above	as

where	f	is	the	frequency	in	cycles/sec.	
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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Xa( jω) = xa(t)e− jωt dt−∞

+∞
∫

What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

The	Fourier	transform,	Xa(jω),	of	xa(t),	is:

where	ω	is	the	frequency	in	radians/sec.	

Xa( f ) = xa(t)e− j2π f t dt−∞

+∞
∫

Or	we	can	choose	to	measure	frequency	in	cycles/sec,	and	write	the	above	as

where	f	is	the	frequency	in	cycles/sec.	

xa(t) = x(t) xc(t)
Here

= x(t)ac cos(2π fc t)
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cos(ωc t) =
ejωc t + e− jωc t

2

What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

From	Euler’s	formulas,

where	ωc	is	the	frequency	in	radians/sec.	

Or	we	can	choose	to	measure	frequency	in	cycles/sec,	and	write	the	above	as

where	fc	is	the	frequency	in	cycles/sec.	

cos(2π fc t) =
ej2π fc t + e− j2π fc t

2

xa(t) = x(t) xc(t) = x(t)ac cos(2π fc t)
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The	Fourier	transform,	Xa(jω),	of	xa(t),	is:

where	ω	is	the	frequency	in	radians/sec.	
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+∞
∫

Or	we	can	choose	to	measure	frequency	in	cycles/sec,	and	write	the	above	as

where	f	is	the	frequency	in	cycles/sec.	

xa(t) = x(t) xc(t)
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= x(t)ac cos(2π fc t)
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What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

Now	from

Xa( f ) = xa(t)e− j2π f t dt−∞

+∞
∫

using

and

cos(2π fc t) =
ej2π fc t + e− j2π fc t

2

we	have	that

Xa( f ) =
1
2 ac x(t) ej2π fc t + e− j2π fc t⎡

⎣⎢
⎤
⎦⎥ e
− j2π f t dt

−∞

+∞
∫

xa(t) = x(t) xc(t) = x(t)ac cos(2π fc t)

=
1
2 ac x(t) e− j2π f− fc( )t + e− j2π f+ fc( )t⎡

⎣⎢
⎤
⎦⎥
dt

−∞

+∞
∫

=
1
2 ac x(t)e− j2π f− fc( )t dt +

−∞

+∞
∫

1
2 ac x(t)e− j2π f+ fc( )t dt

−∞

+∞
∫
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+∞
∫

1
2 ac x(t)e− j2π f+ fc( )t dt

−∞

+∞
∫
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+∞
∫
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using

and

cos(2π fc t) =
ej2π fc t + e− j2π fc t

2

we	have	that

Xa( f ) =
1
2 ac x(t) ej2π fc t + e− j2π fc t⎡

⎣⎢
⎤
⎦⎥ e
− j2π f t dt

−∞

+∞
∫

xa(t) = x(t) xc(t) = x(t)ac cos(2π fc t)

=
1
2 ac x(t) e− j2π f− fc( )t + e− j2π f+ fc( )t⎡

⎣⎢
⎤
⎦⎥
dt

−∞

+∞
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What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

Finally,	using

and

we	have	that

Xa( f ) =
1
2 ac x(t)e− j2π f− fc( )t dt +

−∞

+∞
∫

1
2 ac x(t)e− j2π f+ fc( )t dt

−∞

+∞
∫

X( f ) = x(t)e− j2π f t dt
−∞

+∞
∫

Xa( f ) =
1
2 ac X( f − fc ) +

1
2 ac X( f + fc ) (de	Silva’s	Equation	2.76)

⎪ ⎪⎨ ⎩⎧⎪ ⎪⎨ ⎩⎧

Fourier	
transfer	
of	x(t)	

shifted	left	
in	frequency	

by	fc

Fourier	
transfer	
of	x(t)	

shifted	right	
in	frequency	

by	fc
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What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	

From

if

then
multiply	by	ac/2	

and	
shift	left	by	fc

multiply	by	ac/2	
and	

shift	right	by	fc	

Xa( f ) =
1
2 ac X( f − fc ) +

1
2 ac X( f + fc ) (de	Silva’s	Equation	2.76)
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What	does	xa(t)	=	x(t)	xc(t)	look	like,	in	the	frequency	domain?	
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2.6.2 Application of Amplitude Modulation

The main hardware component of an amplitude modulator is an analog multiplier. It is commercially 
available in the monolithic IC form. Alternatively, it can be assembled using IC op-amps and various 
discrete circuit elements. Schematic representation of an amplitude modulator is shown in Figure 2.31. 
In practice, to achieve satisfactory modulation, other components such as signal preamplifiers and fil-
ters would be needed.

There are many applications of AM. In some applications, modulation is performed intentionally. In 
others, modulation occurs naturally as a consequence of the physical process, and the resulting signal is 
used to meet a practical objective. Typical applications of AM include the following:

 1. Conditioning of general signals (including dc, transient, and low frequency) by exploiting the 
advantages of ac signal-conditioning hardware

 2. Making low-frequency signals immune to low-frequency noise
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FIGURE 2.30 Illustration of the modulation theorem: (a) a transient data signal and its Fourier spectrum mag-
nitude, (b) Amplitude-modulated signal and its Fourier spectrum magnitude, (c) a sinusoidal data signal, and 
(d) amplitude modulation by a sinusoidal signal.
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modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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Now, by applying the modulation theorem (Equation 2.76) to Equation 2.77, we get the Fourier spectrum 
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 
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FIGURE 2.32 Amplitude demodulation: (a) spectrum of the signal after the second modulation and (b) demodu-
lation schematic diagram (modulation + filtering).
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modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 
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 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
 6. Fault detection and diagnosis of rotating machinery

The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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FIGURE 2.31 Representation of an amplitude modulator.
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modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 
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 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
 6. Fault detection and diagnosis of rotating machinery

The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.

Modulated
signal

Carrier
signal

Modulating
input
(data)

Multiplier

Out

FIGURE 2.31 Representation of an amplitude modulator.

Demodulation

⇒

Amplitude Modulation

This	does	it!

101Component Interconnection and Signal Conditioning

modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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Now, by applying the modulation theorem (Equation 2.76) to Equation 2.77, we get the Fourier spectrum 
of !x t( ) as
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 
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2.6.2 Application of Amplitude Modulation

The main hardware component of an amplitude modulator is an analog multiplier. It is commercially 
available in the monolithic IC form. Alternatively, it can be assembled using IC op-amps and various 
discrete circuit elements. Schematic representation of an amplitude modulator is shown in Figure 2.31. 
In practice, to achieve satisfactory modulation, other components such as signal preamplifiers and fil-
ters would be needed.

There are many applications of AM. In some applications, modulation is performed intentionally. In 
others, modulation occurs naturally as a consequence of the physical process, and the resulting signal is 
used to meet a practical objective. Typical applications of AM include the following:

 1. Conditioning of general signals (including dc, transient, and low frequency) by exploiting the 
advantages of ac signal-conditioning hardware

 2. Making low-frequency signals immune to low-frequency noise
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FIGURE 2.30 Illustration of the modulation theorem: (a) a transient data signal and its Fourier spectrum mag-
nitude, (b) Amplitude-modulated signal and its Fourier spectrum magnitude, (c) a sinusoidal data signal, and 
(d) amplitude modulation by a sinusoidal signal.
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 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
 6. Fault detection and diagnosis of rotating machinery

The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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modulation performed on the already modulated signal, followed by low-pass filtering. This method 
can be explained by referring to Figure 2.30.

Consider the amplitude-modulated signal xa(t) shown in Figure 2.30b. Multiply this signal by the 
scaled sinusoidal carrier signal 2/ac cos 2πfct. We get
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The magnitude of this spectrum is shown in Figure 2.32a. Observe that we have recovered the spectrum 
X(f) of the original data signal, except for the two sidebands that are present at locations far removed 
(centered at ±2fc) from the bandwidth of the original signal. We can conveniently low-pass filter the 
signal !x t( ) using a filter with cutoff at fb to recover the original data signal. A schematic representation 
of this method of amplitude demodulation is shown in Figure 2.32b.

2.6.3.1 Advantages and Disadvantages of AM

The main advantage of AM is the use of a carrier signal (of higher power and higher frequency) to 
carry the information of the data signal (modulating signal). The data is transmitted at a much higher 
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 3. Transmission of general signals (dc, low frequency, etc.) by exploiting the advantages of ac signal 
transmission

 4. Transmission of low-level signals under noisy conditions
 5. Transmission of several signals simultaneously through the same medium (e.g., same telephone 

line, same transmission antenna, etc.)
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The role of AM in many of these applications should be obvious if one understands the frequency-
shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
(modulating) signal. Let us discuss, one by one, the listed six categories of applications.

Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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shifting property of AM. Several other types of applications are also feasible due to the fact that power 
of the carrier signal can be increased somewhat arbitrarily, irrespective of the power level of the data 
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Signal conditioning: AC signal-conditioning devices such as ac amplifiers are known to be more stable 
than their dc counterparts. In particular, drift (instability) problems are not as severe and nonlin-
earity effects are lower in ac signal-conditioning devices. Hence, instead of conditioning a dc signal 
using dc hardware, we can first use the signal to modulate a high-frequency carrier signal. Then, 
the resulting high-frequency modulated signal (ac) may be conditioned more effectively using ac 
hardware.

Noise immunity: The frequency-shifting property of AM can be exploited in making low-frequency 
signals immune to low-frequency noise. Note from Figure 2.30 that using AM, the low-frequency 
spectrum of the modulating signal can be shifted out into a very high frequency region, by choos-
ing a carrier frequency fc that is sufficiently large. Then, any low-frequency noise (within the band 
0 to fc − fb) would not distort the spectrum of the modulated signal. Hence, this noise could be 
removed by a high-pass filter (with cutoff at fc − fb) so that it would not affect the data. Finally, the 
original data signal can be recovered using demodulation. Since the frequency of a noise com-
ponent can very well be within the bandwidth fb of the data signal, if AM was not employed, the 
noise would directly distort the data signal.

AC signal transmission: Transmission of ac signals is more efficient than that of dc signals. Advantages 
of ac transmission include lower energy dissipation problems. As a result, a modulated signal can 
be transmitted over long distances more effectively than could the original data signal alone. 
Furthermore, the transmission of low-frequency (large wave-length) signals requires large anten-
nas. Hence, when AM is employed (with an associated reduction in signal wave length), the size 
of broadcast antenna can be effectively reduced.

Weak signal transmission: Transmission of weak signals over long distances is not desirable because 
further signal weakening and corruption by noise could produce disastrous results. Even if the 
power of the data signal is low, by increasing the power of the carrier signal to a sufficiently high 
level, the strength of the resulting modulated signal can be elevated to an adequate level for long-
distance transmission.
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FIGURE 2.31 Representation of an amplitude modulator.
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What	conditions	guarantee	that	the	above	demodulation	scheme	will	recover	x(t)	exactly?

AM Radio

fb	is	the	highest	frequency	in	x(t).

fc	>	fb

The	low-pass	(ilter	is	an	ideal	low	pass	(ilter.


