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Amplitude, Frequency and Phase
Modulation

Amplitude Modulation Phase Modulation

Frequency Modulation With few exceptions,
Phase Modulation
(PM) Is used
primarily in digital
communication



Why Use a Carrier
Signal?
Carrier signals are used for two reasons:

(DToreduce the wavelength for efficient transmission and
reception (the optimum antenna size is ¥.of awavelength). A typical
audio frequency of 3000 Hz has a wavelength of 100 km and would
need an effective antenna length of 25 km! By comparison, a
typical FM carrier is 100 MHz, with awavelength of 3 meters, and
would have an 80 cm long antenna (that is 31.5 incheslong).

(QToallow simultaneous use of the same channel, called
multiplexing. Each unique message signal has a different
assigned carrier frequency (e.g., radio stations) and share the
samechannel. The telephone company invented modulation to
allow phone conversations to be transmitted over common phone
lines. Mandated by the FCC.



lllustrating AM, PM and FM
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Phase-Frequency Relationship When Frequency is
Constant

() = Acos(d(1))

At) is generalized angle

+ o(t)=Acos(a,t+6,))

o(t)

Slope: a(t) :d—g(tl)‘ = W

. >
time t




Concept of Instantaneous
Frequen%(t) = Acos(4(t))

Angl
Madulatio A1) is generalized angle
n
@(t) = Acos(at+6,)
A
o(t)
Wt +6,
Figure 5.1
from Lathi &
dat Ding; Page
Slope: @ (t) = _Z’(_) 253
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Angle Modulation Gives PM
and FM

w (1) = d—gin ~ and 4(t) = jm(a)da

Angle
Modulation

Phase Frequency
Modulation Modulation

Freguency modulation and phase modulation are closely related!



Comparing Frequency Modulation to Phase

Phase Modulation (PM)

1  Frequency deviation is proportional to Phase deviation is proportional
modulating signal m(t) to modulating signal m(t)

2  Noise immunity is superior to PM (andof  Noise immunity better than AM
course AM) but not FM

3  Signal-to-noise ratio (SNR)is better than  Signal-to-noise ratio (SNR)is
in PM not asgood asin FM

4  FMiswidely used for commercial PMis primarily for some
broadcast radio (88 MHz to 108 MHz) mobile radio services

5 Modulation index is proportional to Modulation index is
modulating signal m(t) aswell as proportional to modulating

modulating frequency f,, signal m(t)



Phase Modulation

A(t) =t +6, + k r?}(t) Generally we let 6,=0.

Equation
Let 6,=0 Ppn (1) = Acos(act + k,m(t)) (5.3b) Lathi
& Ding;
Page 254
The instantaneous angular frequency (in radians/second) is

o (t) = —9(1 o, +K —d(lza) +k ()

In phase modulation (PM) the instantaneous angular frequency
w; varies linearly w ith the derivative of the message signal m(t)
(denoted here by m(t)).

Ky is phase-deviation (sensitivity) constant. Units: radians/volt
[Actually in radians/unit of the parameter m(t).]
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Frequency Modulation (FM)

But in frequency modulation theinstantaneous angular frequency
o; varies linearly with the modulating signalm(t),

@ = @ + Kem(t)
t t
O(t) = [ (@ +km(@)da=at+k [ m(a)da
—00 f —00
K Is frequency-deviation (sensitivity) constant. Units: radians/volt-sec.

Then

t Equation
Oy (1) :Acos(a)ct + kfj m(«) da\ (5.5) Lathi

T ) & Ding;
Page 254

FM and PM are very much related to each other.
In PM the angle is directly proportional to m(t).
In FM the angle is directly proportional to the integral of m(t), i.e., jm(t)dt

1



Summa

ry
Definition: Instantaneous @ (t) = dext)
frequency is dt
Phase Modulation Frequency Modulation
t
Angle o(t) = wct + k,m(t) O(t) = ot + K, _[ m(a)da
iy oo
B dm(t)
Frequency @ =0+ kp it A= ac+ K mﬁ(t)

In phase modulation m(t) drives the variation ofphase 6.
In frequency modulation m(t) drives the variation of frequency f.




A Pictorial Way to View the Generation of FM

and PM
| Hio) =l oo ]
m(t) i, ‘[’m(a) ) Phase i Pen (t)
i j "1 Modulator i
""""""""""""" Frequency Modulator
 Hi=ie .
m(t) i . d m() Frequen i Ppu (t)
dt Cy i

Phase Modulator

We require that H(jo) be areversible (or invertible) operation

so that m(t) isrecoverable.
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Equations for FM Wave with Single Tone

Mol ati ynal A cos(@t)
Carrier frequency .= 27f.
Modulating wave m(t) A, cos(am,t) Asingle tone frequency
Modulating frequency w, =2rf, (radians/sec)
Deviation sensitivity K.
Frequency deviation Af =k A =k, (mmax ~ Mhin j
2-27
Modulation Index p =§

m

Instantaneous frequency f.=f.+ kA, cos(w,t) =f.+ Af cos(m,t)

[ : \]
Remembe Oy (1) = A cos| @t +Ki| _[m(a)da 1, generally
r [N o al

r ( kf Am . —‘
Modulated wave ey () = AC|| fos|\a)ct = sm(a)mt)j“

or P () = A | cos (et + Bsin(a,t)) ]

Handout 13



Generalized Angle

| Modulation = |
Thefirst block can be any linear time-invariant (LTl) operator —it need only

be invertible so that we can recover m(t). In general, we have

Note: h(t) is the unit impulse response

Peam (t) = Acos {a)ct + j m(a)h (t- a)da}|

Phase Modulation: h(t) =k,o(t),
Frequency Modulation: h(t) = k,u(t)

We shall focus more on Frequency Modulation in thiscourse
and less on Phase Modulation.
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Average Power of a FM or PM Wave

The amplitude A is constant in a phase modulated or a
frequency modulated signal. RF power does not depend
upon thefrequency or the phase of the waveform.

P or o (1) = Acos[axt + f (k, m(D)) ]

2
Average Power = A (always)

This is aresult of FM and PM signals being constant
amplitude.

16



Comparison of FM (or PM) to

AlV
Frequency Modulation (FM) Amplitude Modulation (AM)

1 FMreceivers have better noise AM receivers are very susceptibleto
immunity noise

2  Noise immmunity can beimproved  No such option exists in AM
by increasing the frequency

deviation

3  Bandwidth requirement isgreater Bandwidth is less than FM or PMand
and depends upon modulation doesn’t depend upon amodulation
index index

4  FM (or PM) transmitters and AM transmitters and receivers are less
receivers are more complexthan  complex than for FM (or PM)
for AM

5 All transmitted power isusefulso  Power is wasted in transmitting the
FMis very efficient carrier and double sidebands in DSB

(but DSB-SCaddressesthis)

17



Phasor Interpretation of AM DSB with

(a:)frg‘:‘é%rs faster than o
* © A

)
cos(mct)

/ cos(w1)

104 714l f\NM/\AVAVAV/\/\/mn/\AMA
LR

DSBAM

Dz @, W W t Oy,

lower upper
sideban sideban
d d
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Phasor Interpretation of AM DSB with Carrier

(confintied)

V. = Voltage of upper sideband phasor
V. = Voltage of lower sideband phasor
V. = Voltage of the carrier

Vmax = Vc + Vus + Vls

Vmin = Vc - Vus - Vls

Time

19



Example 5.1 in Lathi and Ding (pp.

Sketch FI\/?§1§ F%ﬁNeR/eforms for the modulating signal m(t). Theconstants

kiand k, are 2r x 10° and 10r, respectively. Carrier frequency f. =100 MHz.

m(n  |e—2x 10—

E FM

Frall)

il
TN

(h)
+ K;
—m(t) 1x10% +1x10°-

|

fi=Te
T m(t);
Mein =-1 and Max =1
(), =10°+10°(-1)=99.9 MHz,
(), =10°+10°(+1)=100.1

MHz

Vi WL W
Wou W

I

20,000

m(t)

20,001

Popl?)

PM

(c)

fi=f+ kp42m(t) =1x 10%+5 -m(t);
V4

min

(F o
()

=20, 000 and m
— 10® +5(-20,000) 2%b .9 MHz,
— 108 +5(+20,000) = 100.1

=20,

max

MHz

20



Example 5.2 in Lathi and Ding (pp.

Sketch FI\/?%X T:%ﬁ/\%)/eforms for the modulating signal m(t). Theconstants
kiand k, are 2r x 10°and /2, respectively. Carrier frequency f. =100MHz.

m(t) >

e (a) T

FM

99.9 MHz 100.1 MHz

< SRR
(LR UWW I

+ k,
—m(t)=1x10%+1x10°

Since m(t) switches from +1to -1 and vice versa, the FM wave
Freguency switches between 99.9 MHz and 100.1 MHz. Thisis called
Frequency Shift Keying (FSK) and is adigital format.

f=1

i C
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Example 5.2 in Lathi and Ding (pp. 257-259) —

%Qe@:“ H\W%q PM waveforms for the modulating signal m(t). Theconstants
kiand k, are 2r x 10°and /2, respectively. Carrier frequency f, =100MHz.

m(r) T T >

l + Kk, - g 1.
: f=f. =—m()=1x10 ty m(t)

-~
o
S

! 27

é PM é élmmm
l ﬁ This is carrier PM by a digital signal

f"""’ MM MMMMM n —it is Phase Shift Keying
s

= carrierwave.
Oy (1) =A coer(gt +K m(t)ﬂ = Acoq[cgt +25m(t)1|J Lathi & Ding;

Page 258
oo (1) =Asin(wt) when m(t) =—1 =

Ooy () =—Asin(w:t) when m(t) =1

22



Case | —Narrowband FM
There are twél\AlﬁEM)(imations for FM:

A Narrowband approximation (NBFM)

Lathi & Ding;
A Wideband approximation (WBFM) Page 260
: )
NBFM: Oy (1) = Acos(a)CH K, _[ m(a)da | B _AF_Af
: f B
t
If kf_[ Mm(a)daj<<1, we have NBFM.
- .
Let k, | m(c)da ~ k;sin(a,t),
Then bandwidth By, ~ 2f., p=02
| |

NBPM requires 3 <<1 radian f_f —
(typically less than 0.2 radian) (fefh fo (ef)

Yy



Narrowband FM (NBFM)

_ Equation A Af
Start with design equation for tone frequency f S = f_ — _B
Pan(t) = A cos@ i + fsin@27zf,t)) i

Pan(t) = Alcos@ 7 t gos Psin2 7f 1) » Asin A 7t in gsin2zf t), )
Note: co%(,Bsin(Zﬂfmt))z 1, and sin(fBsin@zf,t))= Bsin@rf,t)
Pau(t) = A cos @ 7ft)— fsin2rft)-sin7xf.f)

oo, () = Acos@ 7f t)+ i BA[cosr(f.+f)t)— cos2z(f. - f)t)]] | NBFM
Result fro(;n AM modulation with tone frequency:
OE AC cos(27rf t)+ phe [cos(2r(f+f)t)+ cos(2z(f.—f)t) | | AM

The dn‘ference s the sign (| e., phase) of the difference frequency term.
Conclusion: The NBFM bandwidth is comparable to that of AM.

. Bandwidth: B.= 2f,

24



case |l —Wideband FM (WBFM)
WBPM requires 3 >>1 radian

For wideband FM we have a nonlinear process, with single tone
modulation:

Do (1) = Re[A exp(j2zf.t+jBsin(2rf t))]

We need to expand the exponential into a Fourier series so
th&tan analyze @'°(t).

Py (1) =A Z J,(B)-cos(2x(§ +nf,)t) ﬂ:f— -

N=-—00

where the coefficients J,,(f) are Bessel functions.

Spectral analysis from tone modulation of WBFM: Lathi & Ding; pp. 264-270
We will not cover this section in ES442 but rather focus upon a physical
Interpretation of the spectrumspread.

25



FM (or PM) Requires Much More bandwidth
Thé , AM

) A
t —J——f}
fe
A Carrier Signal (frequency f;) . A
v Y fn
A A Message Signal (frequency f,) & A
” |
(L

\JULUUUWU\,M | -

+ A Amplitude Modulated Signal [

Frequency Modulated (FM) Signal




FM Spectra as Function of Modulation

B,or BW

Indey R
II IT\ANSIZN\ P
1v
NBF 05
B=0.2
() ! L - 01
fe ~fm fe fe +fm 0.3
<—2Af
{ 0.5
| p=1.0 1.0
b ] ]
) 2T st 2 & 20
Bandwidth 5.0
2Af 10.0
| | | ¥ ‘ T L
M| L
9 fe "8fm fec +8fm >
- Bandwudth ]
2Af B 10
(d) unll|||1lllllllllllnlllll T
fc - 4fm fC +1 4fm
|~ Bandwidth ,]

Number Bandwidth

of

Sideband

s
2 2f,
4 4f
4 4f.
6 6f,
8 8f,
16 16f,
28 281,

Single tone modulation

5 _Af
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Spectra of an FM

Single-tone t —0.2 —Z
modulation A p=0. : + |
| |
Vi _Af ! L
B A =1.0 A
fr ;Ia ’ | i
Af increasing, P | Afisconstant,
f_is constant l | ' -5 . fnisdecreasing
- I lﬁfl——jJ—L —>’} 2
/ |
F L% B =10 '{ ;
/
lll/l/llllllll!llllllll\l\llJ Jl“l.lh];bhlhlhlh_
fc ¢

From A. Bruce Carlson, Communication Systems, An Introductionto Signals

and Noise in Electrical Communication, 2nd edition, 1975; Chapter 6, Figure
6.5, Page 229.
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Measured Spectra of an FM Radio

Cinnal .
(= ]

13 Findamm Signals.wvi Front Panel *

File Edit View Project Operate Tools Window Help

o |2 OIEH L5pt Application Fant |~ ||E;,—_.v ||E|Ev ”gv ||@b'| *| Search 4 |

FM Radio Search

IQ rate carrier frequency gain number of samples  active antenna

A

10M > 947M 515 ) 200k o
Voice modulation

-55-
200 kHz

1
[=3)
=

\ 4

A

1
=]
(%3]

Amplitude
-
=

|
|
(W]

| e thHh J].|“||I.|.| I 1_|, I HMW

94.6M 94.GM 947M  94.8M  94.8M

~80--t

—85_|
94,5

93./M |94.7M |955M |96.7F 5.1M | 989M | O 0 0 0

Detected Stations STOP

m |

m
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Selecting an FM

BroadcasStMtikagjio covers from 88 MHz to
108 MHz 100 stations —200 kHz spacing
between FM stations

« Consider tuning in an FM radio station.

« What allows your radio to isolate one station from all of
the adjacent stations?

! ! ! ! I | Frcqucn cy

90.7 91.1 91 5  MH)
WHID WSDL WHFC WBJC
90-5 H 90-9 4 9103 H
Salisbury WKHS Ocean City WETA Bel Air WMLU Baltimore

Worton Washington Farmville

30



Specifications for Commercial FM
Transmissions

Service Type Frequen Channel | Maximu Highe
cy Bandwidt | m st
Band h Deviatio Audio
n
Commercial EM 88.0 to 108.0 200 kHz +75 kHz 15 kHz
Radio Broadcast MHz
Television 4.5 MHz 100 kHz +25 kHz 15 kHz
Sound above the monaural
(analog) picture &
carrier +50 kHz
frequency SErEE
Public safety — 50 MHz and 20 kHz 15 kHz 3 kHz
Police, Fire, 122 MHz to
Ambulance, Taxi, 174 MHz
Forestry, Utilities,
& Transportation
Amateu) CEstlass Fof 26 IMBatcast WhkHes the mB8d#HEtion 3 kHz
A & Busigessp? 470 MHz

band Radio

31



FM Bandwidth and the Modulation
Index B

Lathi & Ding —Chapter 5 —see pages 261 to
NarrowBand FM (NBFM)—f <<1 radian

B;“; ~ 2B where B is the bandwidth of m(t)

Wideband FM (WBFM)— 3 >>1 radian

@EZ(M +B)=2B(B+ Carson'sRD
or B:=2(Af+ 1)

N\

Peak frequency deviation is Aw =k: A,
NN
f B

Modulation index f=

m

32



Phasor Construction of an FM

Signal

We are constrained by
constant amplitude for
both FM and PM signals.

Thisis NBFM. The next
slide shows an animation
of this in operation.
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Sidebands Constructed From Phasors in FM

Aniﬁ«(b@@&lﬁ“@how phase modulation works in the phasor picture --phase
modulation with asinusoidal modulation waveform and a modulation depth of 11/4
radians. The blue line segments represent the phasors at the carrier and the
harmonics of the modulation frequency.

1
0.5
0.6
0.4
0.2
ok
0.2
-0.4
0.6

-0.a
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Direct Generation of FM Signal Using
aVvVCO

100K +O Vo
ﬂL FTUNING

m(t) T ﬂ QUTPUT
o LE:Tanlngcwt T

'll NB
02 I ﬁ @ t
\oltage mok i L1 gDF'V'()
Control F;

m(t)

T 0.01
\Varactor / 77 1

diodes O ~—
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Indirect Generation of an FM Signal Using
Multiplication

In this method, a narrowband frequency-modulated
signal is first generated and then a frequency
multiplier is used to increase the modulation index.
The concept is shown below:
NB "5 (1)
m(t) Pem (t) Pem

Frequen

—— NBFM |——+ oy —
Muttiptre
r

Afrequency multiplier is used to increase both the

carrier frequency and the modulation index by integerN.




Armstrong Indirect FM Transmitter

Example
NB ('t I%%f\%?@?Ding; f.,=12.8MHz
§0|:|\/| ( ) Af, =1.6kHz
.1 NBFM 64 A
f.,=200kHz | generation Multiplier
Af,=25Hz gDFM (t)
fos=1.9MHz
Af.=1.6kH
¢FM (t) s 3 yA
P Multiplier BH -
e
f.,=91.2MH e
Af,=76.8kHz e
change
Crystal Af

Note: These numbers are
related to an FM broadcast
radio station.

Oscillator

37



Generation of Narrowband Erequency Modulation
(NBFM)

Oy (1) = Acos(wct +K, j M(«x) da)|

NBFM requires 3 <<1 radian

DSBSC
modulator

m(t) NBFM
— f 4-®—> ki —>
A-sin(w.t) |

1t/2 Carrier

Lathi & A-cos(ax)
Ding;
Figure
5.10
Page 276
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Generation of Narrowband Phase Modulation
(NBPM)

@em (1) = Acos(act + k,m(t))

m (t) NBPM
4’( g )—’ Ky ’( : >—>
A-sin(w.t) |
-1t/2

A-cos(m.t)

39



Advantages of

Admmw@éﬂnmmmyﬂm
1.Resilient to noise: The main advantage of frequency modulation is a reduction

iIn_noise. Asmost noise is amplitude based, this can be removed by running the
received signal through alimiter so that only frequency variations remain.

2.Resilient to signal strength variations: In the same way that amplitude
noise can be removed, so too can signal variations due to channel degradation
because it does not suffer from amplitude variations asthe signal level varies. This
makes FM ideal for use in mobile applications where signal levels constantly vary.

3.Does not require linear amplifiers in the transmitter: Asonly frequency
changes contain the information carried, amplifiers in the transmitter need not be
linear.

4.Enables greater efficiency : The use of non-linear amplifiers (e.g., class Cand
class D/E amplifiers) means that transmitter efficiency levels can be higher. This
results from linear amplifiers being inherently inefficient.



Disadvantages of

1.Requires more complicated demodulator: One of the disadvantages is
that the demodulator is amore complicated, and hence more expensive than
the very simple diode detectors used in AM.

2.Sidebands extend to infinity either side: The sidebands for an FM
transmission theoretically extend out to infinity. Tolimit the bandwidth of the
transmission, filters are used, and these introduce some distortion of the signal.



Practical Frequency Demodulators
Freguency discriminators can be built using various ways:

* FM slope detector

Balanced discriminator

Quadrature demodulators

Phase locked loops (superior technique)

Zero crossing detector



FM Slope Detector Performs FM to AM

Con\larcinn

HP Envelope
T ————7] Detector
! 4 E 4  J
| | Env
Pew (1) { pe { Ye et YDp
[ ; -5 % S e @®
| A N |
IH(f)] Slope Slope sets frequency to
approxomation voltage conversion factor
l
I
|
! I
[ I
I l
4 - f
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Balanced Discriminator (Foster-Seeley
Discriminator)

Tuned Envelope
Circuit Detector ]f:entered around
C
e =1s

—h

Je

—— o ——— ——

fo <71¢

(a) (b)

Transfer Characteristics
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Quadrature Demodulator —Block

Diagram
FM signal is converted into PM signal

PM signal is used to recover the message signal m(t)

Pem ()
Phase
Phase Comparat
Shifting p— or Circuit
Circuit
Signal delay t, times

carrier frequencyfc  Phase Detector
=90 degrees (or n/2).

Low-Pass
Filter

~m(t)



Using XOR Gate for Phase Frequency
Detector

* Purpose: To produce a signal current or voltage, proportional to
the difference in phase or frequency between two input signals.

Phase Voult)

Detector
—T—y e— : —
_"_\ ¢_
V., =Kp Ad Output
+ Example 0

RlRLR|O|O| >
R|lO|lRr|O|W

O|rR|Fr
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Quadrature Demodulator —
Implementation

Pen (1) —o ® Ry |— m(t)
e T ;
I —F Dew (8
| 1T i R : Pen (1)
M- *
: ‘ |
- o000 = & |
L — :

M o e e e e e e e e —

\ Phase shifter
(or delay time)

a7



Phase-Locked
Loops

APLLconsists of three basic components:
O Phase detector

O Loopfilter
U Voltage-controlled oscillator (VCO)
PLL Diagram: Output
> signal is
Alcosat+4(t)] H(s ohase
Input freq N Bias
Generator
Output
e
freq
&
2B[cos axt +6, @

0]

48
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Zero-Crossing
Detectors
« Zero-Crossing Detectors are also used
because of advances in digital integrated
circuits.

* These are the frequency counters designed to
measure the instantaneous frequency by the
number of zero crossings.

* The rate of zero crossings is equal to the
instantaneous frequency of the input signal
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Zero-Crossing Detector
lllustration

Zero crossing detector

FM input :

Hard limiter : more frequent

i | ZC’s means
higher inst freq

| in turn means

ZC detector Larger message

AN ERE H B RN R
multiV

/—_\ =
Averaging circuit

https:/mmww.slideshare.net/avocado1111/angle-modulation-35636989
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Exampl
e

c A sing’Le tone FM signal is
@ew (t) = 101 | cos (27(1Q)t +8sin(27(10,))) |

Determine
a) the carrier frequency f;

b) the modulation index 3
c) the peak frequency deviation Af
d) the bandwidth of @gy, (1)

ol



Solution to Example

Start with the basic FMequation:

O (1) = Ac | cos (27t + Bsin(2xf,t))

Compare this to _
@e () = 101 cos(27(10, )t +8sin(27(1Q, ) |

(@ We see by inspection that f. =1,000,000 Hzand f,, =1000Hz.
(b) The modulation index is 3 =8.
(c) The peak deviation frequency Af is

Af =f-f.,=8-1000=8,000 Hz
(d) The bandwidth is

B, =2 (8+1)=2,000(8+1)=18,000 Hz



Interference

Pre-Emphasis and De-Emphasis

-

Frequency f

in FM
EM Channel noise acts asinterference in
d FM and is uniform over the entire BW.
P Voice and music have more energy at
_________ A PM lower frequencies, sowe need to

M with Pre- and De-emphasisfilters  €mphasize “their upper frequencies

7
/ﬁ

by filtering. However, the HFemphasis
must be removed at the receiver using
a de-emphasis filter.

(Used commercially in recording

industry)
m(t) | pre-
—) Pre N FM_
emphas Transmitter
is Filter

R,

Channel
. FM s De-
Receiver emphas
is Filter
: o—W—1—o
AWNG Noise Ry L
o )

Filtering improves S\Rin FM transmission.



Typical Pre-Emphasis and De-

Transmitter

Receiver

Pre-emphasis Filter

Filter R,
mud'A'A'
O | O
|
C %Rz
o— —0
1+jwR.C
H(@) = You_ =10
Vi 1+je(Ri|R, )C
H(«)| (dB)
A
A/OCIT
2.1 33
——H ket -
1 1 log(w)

R.C (R.|R,)C

De-emphasis

Lathi &
Ding;
© l‘g" ©  Chapter 5,
. — C pp.286-289
o o
H(@) = Yo L
V,, 1+joR,C
H(@)| (dB)
I\
-6 dB/octave
2.1
—+H T
L log(«)
R,C
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Analog and Digital FM Cellular

1G analog-léglhﬁzg I%%E\r%ﬁe (1983) — AMPS (Advanced Mobile Phone Service)
First use of cellular concept
Used 30 kHz channel spacing (but voice BWwas B=3 KHz)
Peak frequency deviation Af =12 kHz, and
B;=2(Af +B)=2(12kHz+3 kHz)=30 kHz
Two channels (30 kHz each); one for uplink and one for downlink
Used FM for voice and FSKfor data communication
No protection from eavesdroppers

Successor to AMPSwas GSM (Global System for Mobile) in early 1990s
GSMis 2G cellular telephone
Still used by nearly 50% of world’'s population
GSMwas adigital communication system
Modulating signal is a bit stream representing voice signal
Used Gaussian Minimum Shift Keying (GMSK)— later in EE 442
Channel bandwidth is 200 kHz (simultaneously shared by 32 users
Thisis 4.8 times improvement over AMPS

More to come on cellular . ..



Digital Carrier Modulation —ASK, FSK

and PSK
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Digital Signals



Mad ulation
methods for ——

digital data

Questions?

— madulation

Phass
| modulation

Frequency
[ modulation

Continuous

Amplitude _|: Pulse amplitude modulation (P& M)

Quadrmature amplitude modulation (QAM)
Phase shift keying (PSK]
Differential phase shift keying (DPSK)|
Offset phase shift keying (OQPSK)

Frequency shift keying (FRK)

— Gaussian minimum shift keving (GMSK)

—phase
madulation

_TrEII is-coded
madulation

Minimum shift keying (MSK)

— Continuous phase frequency shift keyving [CPFSK)

P5K
CQAM

| Orthogonal frequency

division madulation (OFDR]

57



