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Learning outcomes

By the end of this topic, you should be able to:
• Explain the basic concept of angle modulation and

how it differs from amplitude modulation
• Solve problems involving frequency-modulated

signals
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Angle Modulation 
• Frequency Modulation(FM) & Phase Modulation

(PM) are two types of angle modulation.

• FM is most commonly used analog modulation
technique

• PM is rarely used in analog systems but its’ variation
is used often in digital communication.
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Frequency Modulation

The frequency of the carrier wave is changed 
according to the information signal.

Waveforms that are more spaced apart 
represent the valleys of the sine wave

Waveforms that are closed together 
represent the peaks of the sine wave. 
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Frequency Modulation

Image source: https://commons.wikimedia.org/wiki/File:Frequency_Modulation.svg
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Phase Modulation

Here, the phase of the carrier wave is altered 
according to the information signal.

Waveforms that are closed together represent the 
sine wave transition from –ve to +tve.

Waveforms that are more spaced apart represent 
the sine wave transition from +ve to -ve. 
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Phase Modulation
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Angle Modulation

The angle modulation can be expressed mathematically as:

v(t) = angle modulated wave
Ec = peak carrier amplitude (Volt)
fc = carrier frequency (hertz)
θ(t ) = instantaneous phase deviation (radians)

)](2cos[)( ttfEtv cc θπ +=

)]([)( tvFt m=θ
tfEtv mmm π2sin)( =

θ(t ) is a function of the modulating signal:  

Where is the modulating signal

FM: change of FREQUECY/PHASE



Principles of Communicartion System by N Hasan

FM Or PM ?

• Both must occur whenever either form of angle modulation is 
performed.
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Basic Principles of FM

Frequency Deviation

Modulation Index

Bessel Function

Power Analysis
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fc

-∆f ∆f

+Vm

-Vm

fc + Δffc - Δf

Information 
signal

+Vm :
fc + Δf-Vm:

fc - Δf

• Relative displacement of the carrier 
frequency compared to the original 
carrier frequency (unit: Hertz).

Frequency 
deviation (Δf) 
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Frequency Deviation Δf

• In FM, , the carrier frequency change in proportion 
with modulating signal amplitude.

• The amount of change in carrier frequency is called 
peak Frequency Deviation (Δf). 
– Sometimes it is expressed as maximum carrier swing which 

is equal to 2Δf

– The deviation is proportional to the amplitude of the 
modulating signal.
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Frequency Deviation Δf

• Peak frequency deviation can be calculated as:

• Where 
– Kf is deviation sensitivity
– Vm is peak modulating signal voltage

• So we can see that ∆f directly proportional to 
modulating signal’s amplitude

HzVKf mf=∆
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Deviation Sensitivity, K

• Deviation sensitivity is a constant that shows the 
sensitivity of frequency modulator

• Represent the input-output transfers of the modulator: 
relationship between input voltage (Vm) and the 
resulting frequency shift (∆ω)

or in Herz/V: 

• in short, it shows how ‘well’ the modulator works

)
V

rad/s( 
m

f V
K

∆
∆

=
ω )

V
Hz( 

m
f V

fK
∆
∆

=



Principles of Communicartion System by N Hasan

Frequency modulation index (m)

(unitless) 
)(

m

mf V
volt
radK

m
ω

=

(unitless) 
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m

mf

f

V
volt
hertzK

m =

Modulation index (m) in FM is the ratio of the frequency deviation 
(∆f) to the modulating frequency fm:

Or Kf can also be expressed in hertz. So, m is:

HzVKf mf=∆  
)(
)(

Hzf
Hzfm

m

∆
=since: Thus:
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Modulation Index (m)

• Usually both the frequency deviation and the 
modulating frequency has maximum limits
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Example 1

Determine the modulation index for FM signal for the 
following system:

(a) modulating frequency is 5KHz deviated by  ±10kHz.

üAnswer : (10KHz/5KHz)  =  2 .0   (unitless)

(b) modulating frequency is 5KHz deviated by  ±15kHz.

üAnswer : (15KHz/5KHz)  =  3 .0   (unitless)
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FM Sidebands
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FM Sidebands
Voltage (V)

Frequency 
(Hz)

Bandwidth = 6 fm
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FM equation

)]sin(cos[)( tmtVtV mccfm ωω +=∴

• To expand the equation into complete FM equation, 
including its sidebands is difficult. 

• Thus Bessel function is used to solve the equation

When a modulating signal is a single sine wave, the FM 
equation is:

)]sin(sin[)( tmtVtV mccfm ωω +=Or :
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Bessel Function for FM

)](sin[sin)sin()]sin(cos[)cos()( tmtVtmtVtv mccmccFM ωωωω −=

Use Trigonometric identities:

)sin()sin()cos()cos()cos( BABABA −=+

]sin[cos)( tmtVtv mccFM ωω +=

The equation now becomes:

Where cos[m sin(ωmt)] and sin[m sin(ωmt)] is a trigonometric 
series called as Bessel Function.

FM equation is given by:

…(1)
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Bessel Function for FM

∑
∞
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oddn

mnm tnmJtm )sin()(2)]sin(sin[ ωω

n = even

n = odd

Equation 1 is expanded using Fourier series, thus it becomes:
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• Using Bessel identities :
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Substitute in vFM
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∑
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Expand the equation yields :

Bessel Function for FM
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Bessel Function for FM
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Bessel Table
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Bessel function of the first kind
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Bessel function of the first kind
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*Significant sidebands are those 
that have amplitude > 1% (0.01) 
in the Bessel table.



Principles of Communicartion System by N Hasan

Example: m = 1.0 à 3 significant sidebands
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sidebands 3rdat  mplitude  
sidebands 2ndat  mplitude  

sidebands1st at  mplitude  
fcat  mplitude  

3

2

1

0

aJE
aJE
aJE
aJE

c

c

c

c

=
=
=
=

0.77*Ec

0.44*Ec0.44*Ec

0.11*Ec0.11*Ec

0.02*Ec0.02*Ec

fc fc+1fm fc+2fm fc+3fm

Ec = amplitude of carrier signal

fc-1fmfc-2fmfc-3fm

fc = frequency of carrier signal
fm = frequency of modulating signal

frequency

amplitude

Amplitude distribution from Bessel table:
m carrier    1st 2nd 3rd

1.0 0.77     0.44   0.11   0.02
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Example 2: m = 2.0 à 4 significant 
sidebands
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sidebands4th at  mplitude  
sidebands 3rdat  mplitude  
sidebands 2ndat  mplitude  

sidebands1st at  mplitude  
fcat  mplitude  
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0.22*Ec

0.58*Ec0.58*Ec

0.35*Ec0.35*Ec

0.13*Ec0.13*Ec

fc fc+1fm fc+2fm fc+3fm

Ec = amplitude of carrier signal

fc+4fmfc-1fmfc-2fmfc-3fmfc-4fm

fc = frequency of carrier signal
fm = frequency of modulating signal

0.03*Ec0.13*Ec

frequency

amplitude

Amplitude distribution from Bessel table:
m carrier    1st 2nd 3rd 4th 

2.0 0.22     0.58   0.35   0.13    0.03



Principles of Communicartion System by N Hasan
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If Ec = 50 V, 
m J0 J1 J2 J3 
1.0    0.77     0.44   0.11   0.02

Thus the amplitudes are:
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Power in FM signal

• Unlike AM the carrier power in FM is re-distributed among the carrier and 
sidebands, thus the total power is:

nt PPPPP ++++= ...210

•P0= modulated carrier power
•P1= power in the first set of sidebands
•P2= power in the second set of sidebands
•Pn= power in the nth set of sidebands

CFMt PP =)(

NOTE! 

And            PC≠ P0

•PC: unmodulated carrier power
•P0:  modulated carrier power
•R: load resistance

R
VP c

c 2

2

=
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Power in FM signal

• Total power in FM wave is:

• Or we can also write it as:

• Where V0, V1,…Vn are FM modulated carrier 
amplitudes and sidebands amplitudes respectively.

nt PPPPP ++++= ...210
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Power in FM signal

• R is load resistance
• Thus, we can use Bessel table and further improve the 

equation to:  
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Bandwidth
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FM bandwidth calculation methods:
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1. Finding bandwidth using Carson’s Rule

( )mffBW +∆= 2

• Approximates the bandwidth necessary to transmit an 
angle-modulated systems is twice the sum of peak 
frequency deviation and the highest modulating signal’s 
frequency:

• Where ∆f is maximum frequency deviation
fm is maximum modulating signal frequency
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2. Finding bandwidth using Bessel’s 
table

• The number of significant sidebands, n depends 
on the value of modulation index, m.

• Minimum bandwidth is determine 
mathematically as:

• Where n is the number of significant sidebands
fm is maximum modulating signal frequency

( )mfnBW ×= 2
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Advantages of FM over AM
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Disadvantages of FM


