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Modulation Types (in earnest…)
 Continuous-wave (CW) modulation: sinusoidal carrier (amplitude, phase, 

frequency)
 Ch3. Amplitude modulation: AM, DSB-SC, SSB, VSB
 Ch4. Angle modulation: PM, FM

 Pulse modulation: periodic pulse train (amplitude, duration, positon): 
Ch5
 Analogue pulse modulation: PAM, PDM, PPM
 Digital pulse modulation: PCM, DM, DPCM “0/1”

*Line code: 0/1  electrical representation 
=pulse shaping (Ch6) for “digital baseband modulation/transmission”

 Ch.6: Baseband transmission: discrete pulse-amplitude modulation 
transmitted over a low-pass channel (e.g., a coaxial cable): PAM

 Ch.7: Digital band-pass (passband) modulation  transmitted over a 
band-pass channel (e.g., wireless channel): ASK, PSK, FSK, QAM

 Ch. 8: Random signals and noise
 Ch. 9&10?
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3.0 What We Will Learn & Think ?
 Modulation
 The process by which some characteristic of a carrier wave 

is varied in accordance with an information-bearing signal.
 Continuous-(carrier) wave modulation

• Amplitude modulation
• Frequency modulation

 AM modulation family
 Amplitude modulation (AM)
 Double sideband-suppressed carrier (DSB-SC)
 Single sideband (SSB)
 Vestigial sideband (VSB)

cos(2( ) (3.) 1)c cA f tc t π=
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3.0 What We Will Learn & Think ?
 Lesson 1 : Fourier analysis provides a powerful mathematical

tool for developing mathematical as well as physical insight into
the spectral characterization of linear modulation strategies

 Lesson 2 : The implementation of analog communication is
significantly simplified by using AM, at the expense of
transmitted power and channel bandwidth

 Lesson 3 : The utilization of transmitted power and channel
bandwidth is improved through well-defined modifications of
an amplitude-modulated wave’s spectral content at the
expense of increased system complexity.

There is no free lunch in designing a communication system: 
for every gain that is made, there is a price to be paid.You should find your feet and you will!
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3.1 Amplitude Modulation
Theory
 Message signal: modulating wave

 Sinusoidal carrier wave (cos not sin): modulated wave

 Amplitude-modulated wave

cos(2( ) (3.) 1)c cA f tc t π=

[1 ( )]( ) cos(2 ) (3.2)c cas t A f tk m t π+=
where ka : amplitude sensitivity of the modulator

where Ac : carrier amplitude
fc : carrier frequency

m(t)
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3.1 Amplitude Modulation
 The envelope of s(t) has the same 

shape as the message signal m(t) if 
two conditions are satisfied : 
• The amplitude of ka m(t) is always less than 

unity

• The carrier frequency fc is much greater than 
the highest frequency component W 
(message bandwidth) of m(t) 

 Envelope detector 
• A device whose output traces the envelope 

of the AM wave acting as the input signal
• Demodulation of AM wave is achieved by 

using an envelope detector.

)3.3( allfor ,1)( ttmka <

)4.3(Wfc >>
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3.1 Amplitude Modulation
 Frequency-domain description of AM

 Message spectrum M(f) = Fourier transform of m(t)
 The Fourier transform or spectrum of the AM wave 
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3.1 Amplitude Modulation

Assumption: m(t) is band-limited.
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Message bandwidth = W

Transmission bandwidth = 2W



Chung-Ang University iWSL. Intelligent Wireless Systems Lab9

3.1 Amplitude Modulation
 Important observations from the spectrum of Fig. 

3.2(b) 
1. As a result of the modulation process, the spectrum of the message signal m(t) 

for negative frequencies becomes visible for positive frequencies if  fc>W.

2. For positive frequencies, the portion of the spectrum of an AM wave lying above 
the carrier frequency fc is referred to as the upper sideband, whereas the 
symmetric portion below fc is referred to as the lower sideband. 

3. The transmission bandwidth BT of the AM wave; 

)6.3(2WBT =
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3.1 Amplitude Modulation
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3.1 Amplitude Modulation
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3.1 Amplitude Modulation
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3.1 Amplitude Modulation
 The average power delivered to a 1-ohm resistor by s(t) is comprised of three 

components

where μ : modulation factor or 
percentage modulation
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3.1 Amplitude Modulation
 Computer experiment : AM

 We will study sinusoidal modulation based on the following parameters

 It is recommended that the number of frequency samples satisfies the condition 

 The modulation factor μ
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3.1 Amplitude Modulation
Modulation factor μ=0.5

• The lower side frequency, the carrier, and the upper side 
frequency are located at (fc-fm)=±0.35 Hz, fc=±0.4 Hz, and 
(fc+fm)=±0.45 Hz.

• The amplitude of both side frequencies is (μ/2)=0.25 times 
the amplitude of the carrier

Modulation factor μ=1.0

Modulation factor μ=2.0
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3.1 Amplitude Modulation

Modulation factor μ=0.5
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3.1 Amplitude Modulation

Modulation factor μ=1.0
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3.1 Amplitude Modulation

Modulation factor μ=2.0
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3.1 Amplitude Modulation
 Envelope detection (way1)
 AM wave can be demodulated by 

the envelope detector if
• The AM wave is narrowband, which 

means that the carrier frequency is 
large compared to the message 
bandwidth

• The percentage modulation in the 
AM wave is less than 100 percent.

 Envelope detector consisting of a 
diode and RC filter
• The capacitor C charges rapidly and 

discharges slowly through Rl.

c
sf f

CRr 1)( <<+
W

CR
f l

c

11
<<<<

charging 
time constant

discharging 
time constant

AM radio broadcasting

https://en.wikipedia.org/wiki/List_of_radio_stations_in_South_Korea
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The capacitor charges through D and Rs when the diode i on and it discharges through R when the diode is off.
The charging time constant RsC should be short compared to the carrier period 1/fc .
Thus, RsC << 1/fc
On the other hand, the discharging time constant RC should be long enough so that the capacitor discharges slowly through the
load resistance R . But, this time constant should not be too long which will not allow the capacitor voltage to discharge at the 
maximum rate of change of the envelope .
Therefore, 1/fc << RC << 1/W
where, W = Maximum modulating frequency
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3.1 Amplitude Modulation

 Demodulation: Square-law demodulation (way2)
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3.2 Virtues, Limitations, and Modifications of Amplitude 
Modulation

Practical Limitation
 AM is wasteful of transmitted power

• The transmission of the carrier wave c(t) is independent of m(t).

 AM is wasteful of channel bandwidth
• Only one sideband is necessary for the transmission of information

‒ The communication channel needs to provide only the same bandwidth as 
the message signal.

• AM requires a transmission bandwidth equal to twice the message bandwidth.

Three modifications of AM
 Double sideband-suppressed carrier (DSB-SC) modulation
 Single sideband (SSB) modulation
 Vestigial sideband (VSB) modulation
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3.3 Double Sideband-Suppressed Carrier Modulation

 Theory
 DSB-SC modulation consists of the product of the message signal and the carrier 

wave: (product modulator) 

(
( ) ( ) ( )

 cos(2 ) ( )) 3.8c c

s t c t m t
A f tm t π

=
=

• Modulated signal s(t) undergoes 
a phase reversal whenever m(t)
crosses zero.

• Envelope of DSB-SC is different
from the message signal

• Simple demodulation using an
envelope detection is not a viable option.
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3.3 Double Sideband-Suppressed Carrier Modulation

 Fourier transform of s(t)
)9.3()]()([

2
1)( ccc ffMffMAfS ++−=

• No advantage over AM in view of 
bandwidth occupancy
 BT = 2W

• Transmission power is saved over AM.
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3.3 Double Sideband-Suppressed Carrier Modulation
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3.3 Double Sideband-Suppressed Carrier Modulation

Coherent detection (synchronous demodulation)
 Recovery of the message signal m(t)

1. Multiply the modulated signal s(t) with a locally generated sinusoidal wave 

2. Low-pass filter the product (filter output), i.e.,  

)2cos( φπ +′ tfA cc

)()2cos( tstfA cc ⋅+′ φπ

(
( ) ( ) ( )

 cos(2 ) ( )) 3.8c c

s t c t m t
A f tm t π

=
=
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3.3 Double Sideband-Suppressed Carrier Modulation

 Product modulation output

where we used

 Low-pass filter output (by choosing  fc > W)

• vo(t) is proportional to m(t)
• The quadrature null effect : vo(t) = 0 for    =±π/2

‒ The phase error      in the local oscillator (frequency offset) causes the detector 
output to be attenuated by a factor equal to

‒ The local oscillator in the receiver and the carrier wave must be synchronized in 
frequency and phase.  increasing complexity
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3.3 Double Sideband-Suppressed Carrier Modulation
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3.4 Costas Receiver

Costas Receiver
 Consists of two coherent detectors supplied with the 

same input signal
• Two local oscillator signals are in phase quadrature with respect to each other
• The frequency of local oscillator = fc (a priori)
• I-channel : in-phase (cos) coherent detector
• Q-channel : quadrature-phase (sin) coherent detector

 Two detectors form a negative feedback to maintain 
the local oscillator in synchronism with the carrier 
wave.
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3.4 Costas Receiver

consist of multiplier 
and 

time-averaging unit
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3.5 Quadrature-Carrier Multiplexing
 Quadrature-Amplitude modulation (QAM)

 This scheme enables two DSB-SC modulated waves to occupy the same channel 
bandwidth (exploiting “quadrature null effect”) as one DSB-SC wave

1 2( ) cos(2 ) sin(2 ) (3.( ) ( ) 12)c c c cs t A f t Am t m t f tπ π= +
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3.6 Single-Sideband Modulation
 Single-Sideband Modulation

 Suppress one of the two sideband in the DSB-SC modulated wave

 Theory
 A DSB-SC modulator using the sinusoidal modulating wave

 The resulting DSB-SC modulated wave is

 Suppressing the second term in Eq. (3.13), the upper and lower SSB modulated wave 
are

cos(( ) 2 )m mtm t A fπ=
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two side-frequenciesUpper SSB Lower SSB
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3.6 Single-Sideband Modulation
 Suppose we suppress the first term (high side-frequency) in (3.13)

• Lower SSB modulated wave:

 A sinusoidal SSB modulated wave

 For a periodic message signal m(t) defined by the Fourier series,

the SSB modulated wave is

 For another periodic signal, 

the SSB modulated wave is 

)18.3()2cos()( ∑=
n

nn tfatm π

)17.3()2sin()2sin(
2
1)2cos()2cos(

2
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2 2
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2 2
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Wideband phase shifter:= Hilbert transform
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3.6 Single-Sideband Modulation
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3.6 Single-Sideband Modulation

Modulators for SSB
 Frequency Discrimination Method

• For the design of the band-pass filter to be practically feasible, there must be a 
certain separation between the two sidebands that is wide enough to 
accommodate the transition band of the band-pass filter.

:=mixer
SSB modulation w.r.t. 
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3.6 Single-Sideband Modulation
 Phase Discrimination Method

• Wideband phase shifter: interfere with the in-phase path so as to eliminate power in 
one of the two sidebands, depending on whether upper SSB or lower SSB is the 
requirement.

Hilbert transform

Hilbert transform
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3.6 Single-Sideband Modulation
 Coherent Detection of SSB
 Synchronization (frequency and phase) of a local oscillator in the 

receiver with the oscillator generating the carrier in the transmitter
 The demodulation of SSB is further complicated by the additional 

suppression of the upper or lower sideband.

 Frequency Translation
 Single sideband modulation is in fact a form of frequency translation

• Frequency changing
• Mixing
• Heterodyning

Up
Conversion

by f1

Down
Conversion

by f1

control

input

w.r.t. 
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3.6 Single-Sideband Modulation

Up
conversion

Down
conversion

lfff += 12

12 fffl −=
lfff −= 12

21 fffl −=
Up

conversion
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3.7 Vestigial Sideband Modulation
 For the spectrally efficient transmission of wideband signals
 Typically, the spectra of wideband signals contain significantly low 

frequencies  the use of SSB modulation is impractical.
 The spectral characteristics of wideband data befit the use of DSB-SC. 

However, DSB-SC requires a transmission bandwidth equal to twice 
the message bandwidth  violate the bandwidth conservation 
requirement.

 Vestigial sideband (VSB) modulation
 Instead of completely removing a sideband, a trace of vestige of that 

sideband is transmitted  the name “vestigial sideband”
 Instead of transmitting the other sideband in full, almost the whole of 

this second band is also transmitted.
 Transmission bandwidth

where  fv : vestige bandwidth
W : message bandwidth

WfB vT +=
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3.7 Vestigial Sideband Modulation

:= sideband shaping filter
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3.7 Vestigial Sideband Modulation

Sideband Shaping Filter
 The transmitted vestige compensates for the spectral 

portion missing from the other sideband.
 Two properties of the sideband shaping filter

1. Coherent detection recovers a replica of the message signal.

2. The transfer function of the sideband shaping filter exhibits odd symmetry 
about the carrier frequency

Let

( ) ( ) 1, for (3.26)c cH f f H f f W f W+ + − = − ≤ ≤

( ) ( ) ( ), f (3.27)or c v c c v cH f u f f H f f f f f f W= − − − − < < +

( ) (3.2( ) 9)v vH f H f− = − odd symmetry
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3.7 Vestigial Sideband Modulation
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3.7 Vestigial Sideband Modulation

Plot it
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3.7 Vestigial Sideband Modulation

k=0.5  DSB-SC
k=0  L-SSB
k=1  U-SSB
o.w.  VSB
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3.7 Vestigial Sideband Modulation
 Coherent Detection of VSB
 The demodulation consists of 

1. multiplying s(t) with a locally generated sinusoid c(t) = Ac′cos(2πfct)
2. low-pass filtering the product signal v(t)=s(t)∙c(t)

• Fourier transform of the product signal                                              is

‒ Fourier transform of VSB modulated wave s(t)

‒ Shifting the VSB spectrum to the right and left by fc

)32.3()]()([
2
1)( ccc ffSffSAfV ++−′=

)33.3()()]()([
2
1)( fHffMffMAfS ccc ++−=

)34.3()()]()2([
2
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)35.3()()]2()([
2
1)( cccc ffHffMfMAffS +++=+

)2cos()()( tftsAtv cc π′=
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3.7 Vestigial Sideband Modulation
• Hence,

 The low-pass filter in the coherent detector has a cutoff 
frequency just slightly greater than the message bandwidth 
• High frequency component of v(t) is removed.
• The resulting demodulated signal is a scaled version of the desired message 

signal m(t).
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Scaled version
of m(t)

High frequency component
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3.7 Vestigial Sideband Modulation
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3.7 Vestigial Sideband Modulation
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3.7 Vestigial Sideband Modulation
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3.1 Amplitude Modulation

 Demodulation: Square-law demodulation

c.f.: coherent detection ?
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3.7 Vestigial Sideband Modulation
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Reminder: AM, DSB-SC, SSB, VSB
( )(3.2) ( ) [1 ]cos( 2)c a cs t A k f tm t π= +

( )(3.8) ( () cos 2)c cs t A tm t fπ=

( ) ( )(3.21) ( ) cos 2 sin 2
2

ˆ( ) ( )
2

c c
c c

A As t f t f tm t m tπ π= 

( ) ( ) ( ) ( ) ( )1 1(3.31) ( ) cos 2 + sin 2
2 2

cos 2 1 2 sin 2c cm m mc cms t A f t A k fA t f ttf Aπ π ππ −=

( ) ( ) ( )1(3.33) ( )
2 c c cS f A M f f M f f H f= − + +  

AM

DSB-SC

U-SSB

VSB

( ) ( ) ( ), f (3.27)or c v c c v cH f u f f H f f f f f f W= − − − − < < +

( ) (3.2( ) 9)v vH f H f− = −

Sinusoidal VSB
( ) [ ]( ) cos (3.312 )c c as t A f t kπ= + Sinusoidal VSB+carrier

L-SSB

0.5k =

0k =

1k =
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters

 Baseband
 This term is used to designate the band of frequencies representing 

the original signal as delivered by a source of information
 Baseband Representation of Modulation Waves
 A linear modulated wave

 The modulated wave in the compact form

( ) ( ) cos(2 ) ( )sin(2 ) (3.39)I c Q cs t s t f t s t f tπ π−=
)2cos()( tftc cπ=

)2sin()(ˆ tftc cπ=

)40.3()(ˆ)()()()( tctstctsts QI −=

: carrier wave with frequency fc

: quadrature-phase version of carrier

Let

in-phase
component

quadrature
component

: canonical representation
of linear modulated waves

 pass-band signals
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters

 The complex envelope of the modulated wave

 Complex carrier wave

 Modulated wave

 The practical advantage of the complex envelope
• The highest frequency component of s(t) may be as large as fc+W, where 

fc is the carrier frequency and W is the message bandwidth
• On the other hand, the highest frequency component of           is 

considerably smaller, being limited by the message bandwidth W. 

)41.3()()()(~ tjststs QI +=

ˆ( ) ( ) ( ) cos(2 ) sin(2 )
       = exp( 2 )                                    (3.42)

c c

c

c t c t jc t f t j f t
j f t

π π
π

= + = +

[ ] [ ] )43.3()2exp()(~Re )(~)(~Re)( tfjtstctsts cπ==

)(~ ts

 baseband signals
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters

1( )m t 2 ( )m t
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters
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Reminder: 3.5 Quadrature-Carrier Multiplexing

 Quadrature-Amplitude modulation (QAM)
 This scheme enables two DSB-SC modulated waves to occupy the same channel 

bandwidth (exploiting “quadrature null effect”) as one DSB-SC wave

1 2( ) cos(2 ) sin(2 ) (3.( ) ( ) 12)c c c cs t A f t Am t m t f tπ π= +
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters

 Baseband Representation of Band-Pass Filter

Assume the transmission bandwidth
of s(t) is 2W, centered on fc

Assume the transmission bandwidth
of the filter H(f) is 2B, centered on fc

consider
B ≤ W
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3.8 Baseband Representation of Modulated Waves and Band-
Pass Filters

Procedure to determine 
1.Given H(f), defined for both positive and negative 

frequencies, keep the part of H(f) corresponding to positive 
frequencies; let H+(f) denote this part.

2.Shift H+(f) to the left along the frequency axis by fc, and scale 
it by the factor 2. The obtained result is          . 

Actual output y(t) is determined from the formula

[ ] )45.3()2exp()(~Re)( tfjtyty cπ=

)(~ fH
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3.9 Theme Examples
 The functions of receiver in a broadcasting system

 Carrier-frequency tuning: select the desired signal
 Filtering: separate the desired signal from other modulated signals
 Amplification: compensate for the signal power loss incurred during transmission.

 Superheterodyne Receiver (superhet)
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3.9 Theme Examples

Television Signals
1.The video signal exhibits a large bandwidth and 

significant low-frequency content, which suggest the 
use of VSB modulation.

2.The circuitry used for demodulation in the receiver 
should be simple and therefore inexpensive. This 
suggest the use of envelope detection, which requires 
the addition of a carrier to the VSB modulated wave.
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3.9 Theme Examples

Voice frequency band ranges from approximately 300 Hz to 3400 Hz

The bandwidth allocated for a single voice-frequency transmission channel is 
usually 4 kHz, including guard bands, allowing a sampling rate of 8 kHz to be used 
as the basis of the pulse code modulation system used for the digital PSTN.
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3.9 Theme Examples
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https://www.atsc.org/
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 4K UHD (3840x2160), Digital Cinema (4096x2160),
8K UHD (7680x4320)

2K HDTV

4K UHDTV
3,840 pixels

2,160
pixels 1,080

pixels

1,920 pixels

Ultra High Definition
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3.9 Theme Examples
 Multiplexing
 To transmit a number of signals over the same channel, the 

signals must be kept apart so that they do not interfere 
with each other, and thus they can be separated at the 
receiving end.
 Frequency-division multiplexing (FDM)
 Time-division multiplexing (TDM)

 Duplexing
 To separate the direction of communications.
 E.g., uplink/downlink 
 Frequency-division duplexing (FDD)
 Time-division duplexing (TDD)
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3.9 Theme Examples

1f Nf 1fNf

1  group
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3.9 Theme Examples
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1 basic group

1 super group
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3.10 Summary and Discussion
 The example modulated wave is

1. Amplitude modulation (AM), in which the upper and lower sidebands are transmitted 
in full, accompanied by the carrier wave

• Simple envelope detector vs. wasteful BW and powe (double BW and carrier power) 
consumption

2. Double sideband-suppressed carrier (DSB-SC) modulation, in which only the upper 
AND lower sidebands are transmitted.

• Less power than AM vs. Complexity.
3. Single sideband (SSB) modulation, in which only the upper sideband OR lower 

sideband is transmitted.
• Minimum transmit power and BW vs. Complexity

4. Vestigial sideband modulation, in which “almost” the whole of one sideband and a 
“vestige” of the other sideband are transmitted in a prescribed complementary 
fashion

• VSB modulation requires an channel bandwidth that is intermediate between that required 
for SSB and DSB-SC systems, and the saving in bandwidth can be significant if modulating 
signals with large bandwidths are being handled.

)47.3()2cos()()( tftmAts cc π=
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