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BANDPASS MODULATION

In case of digital bandpass modulation, digital symbols are transformed into

waveforms that take the form of shaped pulses that MODULATES a sinusoid

called CARRIER wave or simply CARRIER.

In radio transmission the carrier is converted to an EM field for propagation

In digital communications, the modulation process corresponds to switching or 

keying the amplitude, frequency, or phase of a sinusoidal carrier wave 

according to incoming digital data

Three basic digital modulation techniques:

❑Amplitude-shift keying (ASK) -special case of AM

❑Frequency-shift keying (FSK) -special case of FM

❑Phase-shift keying (PSK) -special case of PM

We can also use combination of them, such ASK-PSK modulation (an 

example is the Quadrature Amplitude Modulation, QAM)

Will use signal space approach in receiver design and performance analysis 
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PHASE SHIFT KEYING
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FREQUENCY SHIFT KEYING
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AMPLITUDE SHIFT KEYING



BANDPASS MODULATION
ASK/PSK
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Binary PSK (BPSK)
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Binary PSK (BPSK)
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Binary FSK (2FSK)
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Binary FSK (2FSK)
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Binary ASK (2ASK)

Signal representation
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Comparison for binary bandpass modulations

more eucledean distance' than fsk and ask

low probability of error

to get same perror II need to increase SNR
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M-PSK
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For a generic shape of the transmitting baseband pulse, the M bandpass 

waveforms are:

In case the transmitting filter is a rectangular pulse:
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M-PSK 

Signal mapper
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Block diagram of a digital phase-modulator
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M-PSK 

PSK signal constellations with Gray Coding (adjacent phases differ by one 

binary digit)

As the most likely errors caused by noise involve erroneous selection of an 

adjacent phase to the transmitted phase, only a single bit erro occus in the k-

bit sequence with Gray coding.
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M-PSK

Exercise

determine the minimum distance between adjancet points of the constellation 

of PSK modulation with M=2,4,8 assuming that the energy is the same E. 

For M=8, determine how many dB the transmitted signal energy E must be 

increased to achieve the same minimum distance as M=4.
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M-PSK – demodulation and detection

Assuming perfect CARRIER PHASE ESTIMATION, the received signal can 

be expressed as:
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where the additive WGN has been expressed in terms of its in-phase  

and quadrature                components.
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M-PSK – demodulation and detection
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M-PSK – demodulation and detection

The optimum detector projects the received signal vector onto each of the M 

possible transmitte signal vectors and selects the vector corresponding to the 

largest projection. Therefore, itr computes the correlation metrics

isy 

However, as all the signals have equal energy, an equivalent detector metric for 

digital PSK is to compute the phase of the received signal vector ),( 21 yy=y
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Another possible detector metric for PSK
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M-PSK – Carrier phase estimation

In case of COHERENT demodulation, we assumed that the function is

perfectly synchronized with r(t) in both TIME and CARRIER PHASE. 

In practice, this does not hold as:

1) The propagation delay through the channel results in a carrier offset in the 

received signal

2) The oscillator that generates the carrier at the received is not phase-locked

to the oscillator used at the transmitter

3) Practical oscillators drift in frequency and phase

We need to generate a phase-coherent carrier at the receiver by using the 

received signal. 
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Basically we have two binary-phase modulated signals in phase quadrature

With perfect estimate of the carrier phase, there is no crosstalk or interference 

between the signals on the two quadrature carriers

The bit error probability is the same as the one of BPSK!

What about the symbol error probability?
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BANDPASS MODULATION

Probability of error for coherent QPSK (4-PSK)
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Probability of error for coherent QPSK (4-PSK)

For not too low signal-to-noise ratio 
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Probability of error for coherent M-PSK

Let us find an approximation for the symbol error probability for a generic M
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The error probability in selecting a particular signal point other than the

transmitted signal point when the signal is corrupted by AWGN is given by

Where is the square of the Euclidean distance between the transmitted signal

point and the particular erroneously selected signal point.

In case of PSK, the error probability is dominated by the erroneous selection of

either one of the two signal points adjacent to the transmitted signal point.
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Doubling M deteriorates the performance by a factor of 4 (6B)
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Probability of error for coherent M-PSK



What about the bit error probability of a generic M-PSK?

In general, it is not straghforward to find the bit error probability from te symbol

error probability as it depends from the mapping of the k-bit symbls into the

corresponding signal phases.

In case of Gray coding, as most probable errors due to noise result in the

erroneous selection of an adjacent phase, most k-bit symbol errors cointain only

one single bit error
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Probability of error for coherent M-PSK
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Non-coherent PSK: Differential PSK
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Non-coherent PSK: Differential PSK
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Non-coherent PSK: Differential PSK
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Non-coherent PSK: Differential PSK
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Non-coherent PSK: Differential PSK
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Quadrature Amplitude Modulation
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Quadrature Amplitude Modulation
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Quadrature Amplitude Modulation
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Quadrature Amplitude Modulation

It is a specific combination of ASK and PSK.

Both amplitude and/or phase changes in different symbols. 

QAM is implemented by modulating two PAM baseband signals both in phase

and in quadrature.

Let us consider two PAM baseband signals:

The transmitted bandpass signal is:

s(t) can be written in terms of its baseband equivalent:
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Quadrature Amplitude Modulation
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This suggest a possible implementation of the QAM bandpass modulator:

Mapping to

complex

symbols

Binary 

sequence

Complex 

numbers

PAM 

modulator
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NOTE: any bandpass signal can be expressed with a form as the (1), such as in 

terms of its baseband components.

Therefore, the above modulator can be used for any bandpass modulation.

When

QAM become a PSK modulation. 
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Quadrature Amplitude Modulation

16QAM
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Quadrature Amplitude Modulation
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Quadrature Amplitude Modulation

In general, the frequency translated signal occupies a bandwidth which is double 

wrt the one in baseband.

However, if we use two separated channels (phase and quadrature), we are 

transmitting in parallel two symbols, and hence, the symbol period is double (the 

baud rate is half) and hence, the minimum bandwidth required according to the 

Nyquist criteria, is the SAME.
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Baseband Equivalent of a bandpass transmitter and 

receiver

The performance of most DCS will often be described and analyzed as if the 

transmission channel is a baseband channel using the baseband representation

of the bandpass modulator and receiver scheme. 

Mapping to

complex

symbols

Binary 

sequence PAM 

modulator

)(tcs

)(
2

1
hc

)(tcr

)(tc

)(Rq

)()(~)( tntstr +=

detector

b̂

ncb



BANDPASS MODULATION

Baseband Equivalent of a bandpass transmitter and 

receiver

The previous scheme is derived by recalling that:
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Baseband Equivalent of a bandpass transmitter and 

receiver

IMPORTANT EXAMPLE: simulation of bandpass transmission systems using its 

baseband equivalent

Let us consider a signal modulated with central frequency 1.8 GHz, and 

bandwidth 2 MHz. 

Its maximum frequency content is 1.801 GHz. 

If we had to digitally simulate the transmission system, we should sample at 

frequency:

By using the BB equivalent scheme, we should sample at:
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Baseband Equivalent of a bandpass transmitter and 

receiver

About the noise

)(t is the bandpass noise
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The bandpass noise is a complex random process whose real and imaginary parts 

are statistically independent. The variance of the imaginary and real parts are the 

same and equal to half of the variance of the complex envelope of the noise.
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Baseband Equivalent of a bandpass transmitter and 

receiver

The previous scheme can be simplified as follows.
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M-ary FSK
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M-ary FSK
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M-ary FSK
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M-ary FSK

Demodulation and detection
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Two methods for the demodulation and detection

Coherent demodulation

All M phases must be estimated

Extremely complex and 

impractical

Noncoherent demodulation

We will show the principle of non-coherent demodulation of FSK for the binary 

case
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Noncoherent demodulation of FSK

21, are random phases uniformily distributed
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK
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Noncoherent demodulation of FSK

bpsk is more power efficient

Ber less than 5

then need srn higher then 9 db

3 db i will need to imncrese the power 3 db
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Error performance M-FSK
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Error performance M-FSK
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Trade-off bandwidth efficiency – power efficiency
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Trade-off bandwidth efficiency – power efficiency
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Trade-off bandwidth efficiency – power efficiency
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Trade-off bandwidth efficiency – power efficiency
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Comparison
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Trade-off bandwidth efficiency – power efficiency
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II Shannon Theorem

Given a binary source with Entropy     bit/symbols and a 

discrete memoryless channel with capacity C, there exist a code with 

code rate         such that:

where E(R) is a non-negative decreasing convex function when:
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II Shannon Theorem

Three possible actions to reduce the error probability:

1) to reduce R by reducing        (more bandwidth)

2) to increase the SNR at the receiver by increasing the transmit 

power (more power)

These two approaches to reduce the error probability were applied in 

the first digital communication systems 

They are applicable when the required error probability is not too low 

and without stringent constraints in terms of transmit power 

and bandwidth

cR
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II Shannon Theorem

Three possible actions to reduce the error probability:

3) to increase n while keeping constant

The Shannon theorem states that low error probability can be also 

achieved by exploiting complex (depending from technological 

advances) co-dec techniques without increasing the required 

bandwidth or power but increasing the system complexity

cR

Channel coding is very important in power limited 

systems such as satellite systems
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Comparison
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Comparison
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Comparison

In satellite systems, power efficiency is more important than in terrestrial systems

Low order modulations are usually preferable  (i.e. 4PSK)

The low spectral efficiency (1 bit/sec/Hz) is usually motivated by reusing the frequency 
over different satellite beams (multibeam coverage is one of the key element of 

current broadband satellite systems such as KA-SAT)

Moreover, since the power on-board is a precious resource, 
typically the transponder amplifier must work close to the 
saturation, in the non-linear part of the characteristic curve of the 
power amplifier. Therefore, the amplifier itself introduce an 
amplitude distorsion in the signal already at the transmitter, 

Constant envelope modulation can work with higher  average power levels with the 

same peak power and hence, it is preferable wrt an amplitude modulation (i.e. M-PSK 

instead of QAM)
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Comparison
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Comparison

FSK and PSK are constant envelope modulations which are desirable in some 

applications where amplitude is very much distorted like in satellite systems with 

power amplifiers working in the non linear regions

FSK is used in applications when bandwidth is less precious than power 

(again, in satellite systems)

Standard DVB-S2 foreseen the use of different modulations
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Comparison
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Comparison

Bluetooth: GFSK Gaussian shaped Frequency Shift Keying. 

Zigbee
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Comparison
802.15.6 – Narrowband PHY
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Telephone modem

High SNR (around 30dB)

Small bandwidth: 3kHz




