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What is modulationWhat is modulation

� Modulation is the process of encoding information from a 
message source in a manner suitable for transmission

� It involves translating a baseband message signal to a bandpass
signal at frequencies that are very high compared to the 
baseband frequency. 

� Baseband signal is called modulating signal

� Bandpass signal is called modulated signal



Baseband and Carrier CommunicationBaseband and Carrier Communication

� Baseband: 
− Describes signals and systems whose range of frequencies is measured 

from 0 to a maximum bandwidth or highest signal frequency 

− Voice: Telephone 0-3.5KHz; CD 0-22.05KHz

− Video: Analog TV 4.5MHz, TV channel is 0-6MHz. Digital, depending 
on the size, movement, frames per second, …

− Example: wire, coaxial cable, optical fiber, PCM phone

� Carrier Communication: 
− Carrier: a waveform (usually sinusoidal) that is modulated to represent 

the information to be transmitted. This carrier wave is usually of much 
higher frequency than the modulating (baseband) signal. 

− Modulation: is the process of varying a carrier signal in order to use 
that signal to convey information. 

− .



Modulation TechniquesModulation Techniques

� Modulation can be done by varying the 
– Amplitude
– Phase, or
– Frequency

of a high frequency carrier in accordance with the amplitude of the 
message signal.

� Demodulation is the inverse operation: extracting the baseband 
message from the carrier so that it may be processed at the 
receiver. 



Goal of Modulation TechniquesGoal of Modulation Techniques

� Modulation is difficult task given the hostile mobile radio 
channels
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� The goal of a modulation scheme is: 
– Transport the message signal through the radio channel with best

possible quality
– Occupy least amount of radio (RF) spectrum. 



Frequency versus Amplitude ModulationFrequency versus Amplitude Modulation

� Amplitude Modulation (AM)
– Changes the amplitude of the carrier signal according to the amplitude of 

the message signal
– All info is carried in the amplitude of the carrier
– There is a linear relationship between the received signal quality and 

received signal power.
– AM systems usually occupy less bandwidth then FM systems.  
– AM carrier signal has time-varying envelope. 



AM BroadcastingAM Broadcasting
� History

� Frequency
– Long wave: 153-270kHz
– Medium wave: 520-1,710kHz, AM radio
– Short wave: 2,300-26,100kHz, long distance, SSB, VOA

� Limitation
– Susceptibility to atmospheric interference
– Lower-fidelity sound, news and talk radio



Vestigial Sideband (VSB)Vestigial Sideband (VSB)
• VSB is a compromise between DSB and SSB. To produce SSB signal from 

DSB signal ideal filters should be used to split the spectrum in the middle so 
that the bandwidth of bandpass signal is reduced by one half. In VSB system 
one sideband and a vestige of other sideband are transmitted together. The 
resulting signal has a bandwidth > the bandwidth of the modulating 
(baseband) signal  but < the DSB signal bandwidth.
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QAMQAM
� AM signal  BANDWIDTH :  AM signal bandwidth is twice the bandwidth 

of the modulating signal. A 5kHz signal requires 10kHz bandwidth for AM 
transmission. If the carrier frequency is 1000 kHz,  the AM signal spectrum 
is in the frequency range of 995kHz to 1005 kHz.

� QUADRARTURE AMPLITUDE MODULATION is a scheme that allows 
two signals to be transmitted over the same frequency range.

� Equations

� Coherent in frequency

and phase. Expensive

� TV for analog

� Most modems 



Angle ModulationAngle Modulation

� Angle of the carrier is varied according to the amplitude of the
modulating baseband signal. 

� Two classes of angle modulation techniques: 
– Frequency Modulation

� Instantaneous frequency of the carrier signal is varied linearly
with message signal m(t)

– Phase Modulation
� The phase θ(t) of the carrier signal is varied linearly with the 

message signal m(t). 



Angle ModulationAngle Modulation
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FM ExampleFM Example
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TV broadcastingTV broadcasting
� fm=15KHz, ∆f=25KHz, β=5/3, B=2(fm+∆f)=80kHz

� Center fc+4.5MHz



Comparison of modulation systemsComparison of modulation systems



Satellite RadioSatellite Radio
� WorldSpace outside US, XM Radio and Sirius in North America

3 Loral satellites at high-
elevation geosynchronous orbit

2 Boeing geostationary 
satellites

Satellite

165+, 80+streams of music170+, 90+streams of musicTotal channel

12.95/month12.95/monthMonthly rate

4,000,000+7,000,000+Current Subscribers

SIRI, $5 billion, NYCXMSR, $2billion, DCCompany info

SiriusXM Satellite Radio



Geometric Representation of Modulation SignalGeometric Representation of Modulation Signal

� Digital Modulation involves
– Choosing a particular signal waveform for transmission for a 

particular symbol or signal
– For M possible signals, the set of all signal waveforms are:

� For binary modulation, each bit is mapped to a signal from a set
of signal set S that has two signals

� We can view the elements of S as points in vector space
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Geometric Representation of Modulation SignalGeometric Representation of Modulation Signal

� Vector space
– We can  represented the elements of S as linear combination of 

basis signals. 
– The number of basis signals are the dimension of the vector space. 
– Basis signals are orthogonal to each-other. 
– Each basis is normalized to have unit energy:
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ExampleExample
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Constellation DiagramConstellation Diagram

� Properties of Modulation Scheme can be inferred from 
Constellation Diagram
– Bandwidth occupied by the modulation increases as the dimension 

of the modulated signal increases
– Bandwidth occupied by the modulation decreases as the signal 

points per dimension increases (getting more dense)
– Probability of bit error is proportional to the distance between the 

closest points in the constellation. 
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Concept of a constellation diagramConcept of a constellation diagram



Linear Modulation TechniquesLinear Modulation Techniques

� Classify digital modulation techniques as: 
– Linear
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– Non-linear



Binary Phase Shift KeyingBinary Phase Shift Keying

� Use alternative sine wave phase to encode bits
– Phases are separated by 180 degrees. 
– Simple to implement, inefficient use of bandwidth. 
– Very robust, used extensively in satellite communication.
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BPSK ExampleBPSK Example

Data

Carrier

Carrier+ π

BPSK waveform

1               1              0              1              0  1  



BPSK Virtue of pulse shapingBPSK Virtue of pulse shaping



BPSK Coherent demodulatorBPSK Coherent demodulator



Differential PSK encodingDifferential PSK encoding

� Differential BPSK
– 0 = same phase as last signal element
– 1 = 180º shift from last signal element



EE 552/452 Spring 2007

DPSK modulation and demodulationDPSK modulation and demodulation

� 3dB loss



QuadratureQuadrature Phase Shift KeyingPhase Shift Keying

� Multilevel Modulation Technique: 2 bits per symbol

� More spectrally efficient, more complex receiver. 

� Two times more bandwidth efficient than BPSK
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4 different waveforms4 different waveforms
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QPSK ExampleQPSK Example



QPSK Virtue of pulse shapingQPSK Virtue of pulse shaping



QPSK modulationQPSK modulation



QPSK receiverQPSK receiver



Differential CoherentDifferential Coherent
� DBPSK

� 3dB loss

� QPSK BER, the same as BPSK



Offset QPSK waveformsOffset QPSK waveforms



Offset OQPSKOffset OQPSK

� QPSK can have 180 degree jump, amplitude fluctuation

� By offsetting the timing of the odd and even bits by one bit-period, or half a 
symbol-period, the in-phase and quadrature components will never change at 
the same time.

� 90 degree jump 



Pi/4 QPSK signalingPi/4 QPSK signaling

� 135 degree

� Non-coherent

detection



Pi/4 QPSK transmitterPi/4 QPSK transmitter



I. Differential detection of pi/4 QPSKI. Differential detection of pi/4 QPSK



III. FM Discriminator detectorIII. FM Discriminator detector



Constant Envelope ModulationConstant Envelope Modulation

� Amplitude of the carrier is constant, regardless of the 
variation in the modulating signal
– Better immunity to fluctuations due to fading. 
– Better random noise immunity
– Power efficient

� They occupy larger bandwidth



Frequency Shift Keying (FSK)Frequency Shift Keying (FSK)

� The frequency of the carrier is changed according to the 
message state (high (1) or low (0)).  

� One frequency encodes a 0 while another frequency encodes a 1 
(a form of frequency modulation)
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FSK BandwidthFSK Bandwidth
� Limiting factor: Physical capabilities of the carrier
� Not susceptible to noise as much as ASK

� Applications
– On voice-grade lines, used up to 1200bps
– Used for high-frequency (3 to 30 MHz) radio transmission
– used at higher frequencies on LANs that use coaxial cable



Multiple FrequencyMultiple Frequency--Shift Keying (MFSK)Shift Keying (MFSK)
� More than two frequencies are used

� More bandwidth efficient but more susceptible to error

� f i = f c + (2i – 1 – M)f d

� f c = the carrier frequency
� f d = the difference frequency
� M = number of different signal elements = 2 L

� L = number of bits per signal element

( ) tfAts ii π2cos= Mi ≤≤1



FSK Coherent DetectionFSK Coherent Detection



NoncoherentNoncoherent FSKFSK



MSK modulationMSK modulation



MSK receptionMSK reception



Minimum Shift Keying spectraMinimum Shift Keying spectra



GMSK spectral shapingGMSK spectral shaping
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Simple GMSK modulation and demodulationSimple GMSK modulation and demodulation



Pulse Shaped MPulse Shaped M--PSKPSK



QAM QAM –– QuadratureQuadrature Amplitude ModulationAmplitude Modulation

� Modulation technique used in the cable/video networking world
� Instead of a single signal change representing only 1 bps –

multiple bits can be represented buy a single signal change
� Combination of phase shifting and amplitude shifting (8 phases, 2 

amplitudes)



QAMQAM
� QAM

– As an example of QAM, 12 
different phases are combined 
with two different amplitudes

– Since only 4 phase angles have 2 
different amplitudes, there are a 
total of 16 combinations

– With 16 signal combinations, each 
baud equals 4 bits of information 
(2 ^ 4 = 16)

– Combine ASK and PSK such that 
each signal corresponds to 
multiple bits

– More phases than amplitudes
– Minimum bandwidth requirement 

same as ASK or PSK



1616--QAM Signal ConstellationQAM Signal Constellation



QAM vs. MFSKQAM vs. MFSK



Comparison of Digital ModulationComparison of Digital Modulation



Modulation SummaryModulation Summary

� Phase Shift Keying is often used, as it provides a highly 
bandwidth efficient modulation scheme.

� QPSK, modulation is very robust, but requires some form of 
linear amplification. OQPSK and p/4-QPSK can be 
implemented, and reduce the envelope variations of the signal.

� High level M-ary schemes (such as 64-QAM) are very 
bandwidth efficient, but more susceptible to noise and require 
linear amplification.

� Constant envelope schemes (such as GMSK) can be employed 
since an efficient, non-linear amplifier can be used.

� Coherent reception provides better performance than 
differential, but requires a more complex receiver.


