


Introduction

Angle modulation

e The angle of the carrier wave is varied according to the
based band wave g ) _,nqe) + 1)
» Frequency modulation: f{t)=f(m(t)), ¢(t)=constant
» Phase modulation: f{t)= constant, ¢(t)= ¢(m(t))

e The carrier amplitude remains the same
Performance
e More robust to noise/interference

e ... but at the cost of transmission bandwidth and
complexity

e Practical trade-off between the three
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Basic Definitions

The angle 0.(t) of the carrier is a function of the
information wave s(t) = A, cos|[0;(1)]

If 6.(t) increases monotonically with time, the average

frequency over an interval is

M 0;(t + At) — 6;(1)
| m Jault) = 2mAlL
t t+At

Let At->o0, the instantaneous frequency of s(t),

measured in radians per second, is

. | O:(t+ Ar) — 0:(1) 1 dii(1)
sLE = t) = — ;
i) _,,.“ET_H}; ) ,m,_&: 2nAt 2n  dt
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Interpretation of S(t)

* As a rotating phasor e - | I B PNy 5 St (0
e Length: A_ o _
e Angle: 0.(t) |
e Angular velocity: dO.(t)/dt 0.(t) _H

* Unmodulated signal
e O.(t)=2nft+ ¢,

* Angle modulation
e A, constant

e Making either f. or ¢, a
function of m(t)
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Two Commonly Used Methods
* Phase modulation (PM)

e The instantaneous angle is varied linearly with m(t)

 k_: phase sensitivity of the modulator, in radians per
P‘\ Qg =2nf.t + k,m(7) s(t) = Ac cos2n /.t + kn (1)

* Frequency modulation (FM)

e The instantaneous frequency is varied linearly with
o

a 1) =2mfot + 2mks | m(7)dt
N amﬁ:br. J0 «v

10;(1

ity = — 24

2t dt

s(t) = A, r.,,mﬁua%ﬂ+mﬁm
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Relationship Between PM and FM

Equivalence of PM and FM
An FM signal with m(t) can be regarded as a PM signal with

f
Jom(t) dz
A PM signal with m(t) can be regarded as an FM signal with
d[m(t)]

dt
Due to the integral/differentiative relationship between

phase and frequency

All PM properties can be deduced from those of FM, and
vice versa

Only need to study one of these two
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Relationship Between PM and FM
(contd.)
T
.F m(t) dz
PM > FM: "™ s ntgratr 1A o [ it vae
m(t) #
A, €08 (2mf.1)
d[m(t)]
dt
FM = PM: Ecﬂﬂﬁh_:m —=| Differentiator /ﬁ ﬂmumﬂﬁw — PM wave

q

A, cos (2mf.1)
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ﬁ_gﬁ Constancy of Transmitted
Power

Modulated signal has constant amplitude
s(t) = A, cos[0;(1)]
Average transmitted power is

] Py = [} A cos “[O(O]et
mMQ w 10ohm I >om
=
\ Eg _; | = w T o
<<c . =
_A o
2 =

W 9




\\\éw” Nonlinearity of the

Modulation Process

* AM is linear: s(m (t)+m,(t))=s(m (t))+s(m,(t))=s,(t)+s,(t)
* PM and FM are not
° eg, for PM:  m(t) = m (1) + mo(r)
s(t) = A, cos[2m fut + ky(my (2) + ma(2))]
s1 (1) = A. cos|2m fot + kymy (1))
s2(t) = A, cos[2m fot + kpmoa(1)]

e The principle of superposition is violated, since

.w_m_ﬂw Mm 51 _M: + hmh_&
* Complicates the spectral analysis and noise analysis

* ... but superior noise performance: due to nonlinearity

C
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_Property 3: Irregularity of Zero-
Crossin gs

Zero-crossing: when s(t) crosses zero

No longer have a perfect regularity in their spacing

Also attributed to the nonlinear characteristics of the
modulation process

FM and PM: m(t) resides in the zero-crossings of the
modulated wave s(t)

» Using zero-crossings to sample m(t)
AM, m(t) residues in the envelope of s(t)
 Using peaks of c(t) to sample m(t)

e 1
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_Property 4: Visualization Difficulty

of Message Waveform

AM

VA AAMIMA L/
e m(t) € envelope of s(t)
e WAVATE

e s(t) has constant amplitude /

small m(t) value

e m(t) is in the form of zero-crossings,

large m(t) value

which is hard to visualize

Also attributed to the nonlinearity of the modulation
process




..... _—Property 5: Trade-Off of Transmission

Bandwidth and Noise Performance

Advantage

e Improved noise performance
« Many noise and interference are additive
» Angle of a sinusoidal wave is less sensitive to additive noise

e AM: amplitude is sensitive to additive noise

Attend at the expense of larger transmission
bandwidth requirement

Trade-off

e Exchanging an increase in transmission bandwidth for
an improvement in noise performance

e Not for AM: since transmission bandwidth is fixed

I 13
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Example 4.1: Zero-Crossings

* Linear modulating wave

e a=1volt/s, carrier f.=1/4 Hz, \muu:\ 2 radians/volt

* Phase modulation

() Mﬂr cos(2m f.t + kyat), t=0
(1) =
. A cos(2m f,t), t<0

For zero-crossings:

ir
27 foty + kpat, = 5 + nm, n=0,1,2,...

H
m+=

2. + 24

Iy =

+ n, n=012,...

o]
_T:_|M

o 14
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Example 4.1: Zero-Crossings (contd.)

* Frequency modulation

i

0;(t) =2mf.t + mﬁﬁ% m(t)dt
0

* A, cos(2m f.t + mkeat?), 1=0

() = A, cos(2n f.1), <0

For zero-crossings:

i
2rf.t, + aﬁ_.ﬂm = m + nm, n=01,2,...

_
w:”| [Hn_l Mn_l . R
|

?nﬂ|_+,\@\+ai, n=0,1,2,...
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Example 4.1: Zero- QOmm_smm (contd.)

slope a = 1 volt/s

time ¢

0
(a)

Phase modulated wave ,{8

N AN NNNL
L9 4 /\;.TC VvV V V

(0)

Frequency modulated wave 5 (1)

AN NANTI1]
cgg%g;

O\

(¢)




cll\lb\lilll\
—

e

Frequency Modulation

Nonlinear modulation:
e s(t) is a nonlinear function of m(t)
e Hard for spectral analysis

Analyze the simplest case: single-tone modulation
e Information wave:  m(z) = A,, cos(27 f,t)
e Instantaneous frequency: f(¢) = f. + kA, cos(2nf,,1)
=Je + Af cos(2nfut)
e Frequency deviation: Af = kA,
e The angle 6.(t) is: 0.(1) = 2n —H.n_S dt =2nf1+ mﬁm_imaﬂ_&

] .ﬂ i

Modulation index: f8 — 2nfot + B Sin(27fut)

> 17
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Frequency Modulation (contd.)

* Modulation index: B=Af/f.
* The FM signal is:
s(t) = A, cos[2nf.t + f sin(27f,t)]
* Depending on the value of 3, two cases of FM

e Narrow-band FM, for which f8 is small compared to one
radian

e Wide-band FM, for which f is large compared to one
radian
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Narrow-Band FM

FM signal with single tone m(t) is
s(t) = A, cos(2rf.r)cos[f sin(2nf,.t)| — A, sin(2rf.t)sin(f sin(2nf,t)]

For small 3, we have If [x|<<1

*cos(x) = 1
s(1) = A, cos(2nf.1) — PA. sin(2rf.t)sin(2nf,t)  esin(x) = x

s(t) = A, cos(2nf.t) + W.mmﬂ...?aimﬁ_wﬁ + fu ) k0827 fo — fn)1]}

Similar to an AM signal with the same

1

sam(t) = A, cos(2mf,r) + Mtﬁﬁ_?cimi.ﬁ_ + )

Requires the same transmission ban

t)
.Gmﬁﬁﬁ.ﬁ. Ihzv_ﬁ.
1dth as AM

difference

am— 19
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Wide-Band FM

For arbitrary f=Af/f, , use the complex representation
of band-pass signals W) ol GO hwﬂh%\

Assuming f, is large enough:

s(t) = A, cos[2nf.t + f é:

s(t) = Re[A. exp(j2nf.t + jFsm(2nf,,t))] = Re[5(1) exp( j2nf.1)]

e The complex envelope of s(t) is
§(t) = A; exp|jp sin(2nfy1)]
e A periodic signal with period 1/ f,, and fundamental

frequency f, :
q %.\. WT& — M Cy ﬁxﬁﬁ.‘mmawﬁh:&

H=—0
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Wide-Band FM (contd.)

® The coefficient is

_Ea
m.:”.w.ﬂ —, w_maumw_unl.mwﬁzhzmu_nb
~1/2f,,

12f,
= £ \* . exp|jp sin(2nf,,t) — j2mnf,t] dt

n

A
| exslitps

iy

e J.(B): the n-th order Bassel function of the first kind and
argument f3

A 21
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Wide-Band FM (contd.)

* We have
__H.TT M f...«: ._m., mHﬁ_M%NHZH.: v

n=—u0

s(f) = A, MU Jo(B)cos[2n( £, + nf,)i]

s(r)=Ac - WL M Tn(B) exp|j2n(f. + an%;

Exact analysis, no
approximation

® Spectrum

oAy
s(h) =5

1= —00

> LRSS —fo = nf) + 5(f + 1. + 1)

22
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Bessel Function

1.0

For small
0.8 \ /B Jo(p) ~ 1 Ji(B) =




O Umm ﬁ<m.ﬁ_0 ns S =23 LB ~f = nfn) + 5(f + 1. + )]

= —00

The spectrum of an FM signal

* n=0: a carrier component
« Amplitude of the carrier is J ()
e n >0 and n < o: an infinite set of side frequencies

located symmetrically on both sides of the carrier at
frequency separations of f, , 2 f 3 f. , ..

e Unlike AM that is band limited, infinite bandwidth

When 8«1, ] (B) = o, for n>2: single pair of side
frequencies = narrowband ES

_ |
Total transmit power: p= S A M = —A?

H=—od

S— =
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Case I:
e Fixed f,
* Increased f3

QD

Example 4.3

Modulating signal
m(t) = A, cos(2x f,1)

e Modulation index

keAp
Jom

e f.. determines the spacing
e ff orA_determines interval 2Af

The spectrum on the
right hand side of the
plane. There is a

symmetric part on the
left hand side.

1.0—

M_,; ?;

— 2Af

(a)

1.0—

B=2.0

b
imlb_.:

25




_Example 4.3

1.0~

(contd.) ,

-
—_— ——

=10
Case II:

e Decreased f,

e Fixed A

An increasing
number of spectral

2Af

1.0~

lines crowding into ;=

the fixed interval
=A< |fI<fe + Af
When 3 2o, the
FM bandwidth =

2Af
ot

ki

26




Transmission Bandwidth of FM

An FM signal contains an infinite number of side
frequencies
e Lossless transmission: infinite bandwidth
e For practical systems:
« Where to cut: trade-off between distortion and bandwidth

efficiency
First approach - Carson’s Rule )

e Observing two extremes:
« Large B : By 2 24f
« Small B: B;22(Af+f.)

e An empirical estimate: B, ~ 2Af + 2/, = mb%? + WV

27




ansmission Bandwidth of FM
A contd. V

Second approach: universal curve

e An estimate based on retaining the maximum number
of significant side frequencies

e Significant: whose amplitudes are all greater than some

threshold

 e.g.: 1% of the unmodulated carrier amplitude

The separation between two frequencies beyond
which none of the side frequency is greater than 1% of
the unmodulated carrier :

,__q_;mamv = _ml_u HI:Qwu

4 WHHNXSSQXX.\.S
e n__ :the largest one with |J ()| >0.01

L 28
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Finding n

* Table 4.1

max

TABLE 4.1 Number of significant side frequencies of a wide-band FM signal for
varying modulation index

Modulation Index Number of Significant Side Frequencies 2,

0.1 2

0.3 4

0.5 4

1.0 6

2.0 B

5.0 16

10.0 28

20.0 50

30.0 70
' 29
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Finding n

40

20

o 0 O
I L

Br/Af

max

e The universal curve

(contd.)

_ _
810 2 4 6

8 10
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Discussions
For a general m(t) with highest frequency W

e Estimate using a worst-case tone-modulation analysis
e Deviation ratio D: 5. Af Ky [m(t) |a
W W

» D is equivalent to B in the case of single-tone modulation
- Wifequivalent to f, in the case of single-tone modulation

) e e 5 A
e Carson’s Rule for transmission bandwidth: Same form as

W 1 single tone
& m Wa ~ 2(Af +W)[=2Af| 1+ — | = 2Af ﬁ“_.._. WA‘ modulation,
| Af D D €25
Carson’s rule: underestimate = Lower bound

Universal curve: overestimate - Upper bound




CARSON'S RULE
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Example 4.4

North America, commercial FM broadcast radio
e Af=75 kHz
e Maximum audio frequency W=15 kHz r\
s D4 /(W o515 5 ngx H
- Carson’s rule: \.W/Z =" \M\
e B =2(Af +W)=2(75+15)=180 kHz
Universal curve:
e From Figure 4.9, By,=3.24f=240 kHz

An FM radio channel is B=200 kHz
e B;,<By< By, oo

o 32
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FM Modulator Implementation
Voltage-cgntrolled oscillator [~

e A Hartley oscillator

Varactor: capacitance depends on t
voltage applied to its electrodes ! ma mo
‘1

fi(t) .

|

2/(Ly + 12)C() |

C(t

e Assuming a sinusoidal modulating wave with f
I

21\/Co(Ly + Ly)

(=]

C(t) = Cy + AC cos(2xf,.t) Jo=

AC
20, cos(2nfmt) | (1) = fo + Af cos(2nf,t)

filt) ~fo1 -

A 33
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FM Demodulafor 27> = 4%
H%OI/‘_A%.‘S/,G

A direct method

frequency of the mswcﬁ\ﬁmﬂﬂ\/\)
Seay (1) = A, COs|27f t + k, [ m(t)t]
d OlY), Q%MQ _ :
.%.« = %T_”z_ 3_ = |>0_Nio +K, Bﬁ_m_:_mim +K; ._.BEQL
With an envelopedetector, we get: Need to choose ksto

v, (1) = bLM\Nn_no +K; _ﬁﬁvi < avoid phase reversal
With a DC blocker, we get: v, (t) = Ak, m(t)

C
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FM Demodulator (contd.)

Indirect method
e Phase-locked loop (PLL)

A negative feedback system

« Used for synchronization, frequency division/multiplication,
frequency modulation, and indirect frequency demodulation

e To generate an r(t) that tracks the phase angle of s(t)

Loop

s(L)

{1

i
Fand

filter

Voltage-

e 11 (]

controlled

e oscillator

39




__Neonlinear Effects

Systems

* A nonlinear channel with
Up(2) = ayu;(t} + as &3 + a3 cw@

* FM signal: v;(t) = A, cos[2xf .t + ¢ (1)]

* We have:
Uo(t) = arA. cos[2nf.t + (1)) + arAZ cos® [2nf.t + P(1)]

+ a3A? cos®[2nf.t + ¢ (1)]

: 3 _
v, (1) = anbm + ?.P. + Mnm}wunam_muﬂ,ﬂ + ()]

1
+ mﬁwﬁw cos(dnf.r + 2¢(1)] + wnwhw cos|6mf.t + 3¢(1)]




Nonlinear Effects (contd.)

Need to separate the desired signal with carrier f,

According to Carson’s rule, the necessary condition
for separating the desired FM signal with f, from that
with 2 f, is

o —(2AF + W)L+ AF+W > £>3AF +2W
With a band-pass filter centered at f, and with
bandwidth 2Af+2W, we get

w; .
ESE h.ﬂ:mn + M_n.,wmmunamﬁﬂl +$Q:

SiE— 37
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Nonlinear Effects (contd.)

Unlike AM, FM is not affected by the channel induced
amplitude nonlinearities

e Widely used for microwave radio and satellite systems

e Permits the use of highly nonlinear amplifiers and
power transmitters, to produce a max power for long
distance

But still extremely sensitive to phase nonlinearilities




The Superheterodyne Receiver

Other functions of a receiver, in addition to demodulation

Carrier-frequency tuning: to select the desired signal (or,
station)

Filtering: separate the desired signal from other modulated
signals

Amplification: compensate for the channel attenuation

The superheterodyne receiver
A special type of receiver that fulfils all three functions,
particularly the first two, in an elegant and practical fashion
Practically all radio and TV receivers are of the superheterodyne
type
Consists of: radio-frequency (RF) section, mixer and local

oscillator, intermediate frequency (IF) section, demodulator,

and power amplifier
Sl 39
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Basic Elements

Basic difference between AM and FM superheteerodyne

l-ln\lnl\l‘

receivers
e The use of an FM demodulator such as limiter-frequency
discriminator
Antenna
A
ﬂ _ m / Loudspeaker
/
” RF £2 Mi - IF — | Envelope Audio o
— | section al IREE ~— | section >1 detector [ amplifier il
—
\\ \—, \\\

/
/ Common @ Local
4 tuning

/ oscillator

o 40
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_Theme Example: Analog and Digital

FM Cellular Telephones

Advanced Mobile Phone Service (AMPS), 1983
e The initial cellular telephone system in North America
e FDMA with 30 kHz channels

e A pair of channels are assigned to each user, 45 MHz apart

e Analog FM for voice transmission

e Frequency-shift Keying (FSK) for data transmission (will be
discussed in chapter 9)

FM design

e Voice is limited to 3K, the FM modulator is designed with peak
deviation Af=12 kHz

e Carson’s rule: B;=2(Af+W)=2(12+3)=30 kHz

SEE— q
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_TFheme Example: Analog and Digital

FM Cellular Telephones (contd.)

Pros
Can use high efficiency power amplifiers

Can operate in saturation without distorting the
envelope, which is constant

Constant amplitude helps combating fading on mobile
links
Cons

No protection from eavesdropping
Not bandwidth efficient

-_— p
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_TFheme Example: Analog and Digital
FM Cellular Telephones (contd.)

Global System for Mobile Communications (GSM)
Successor of AMPS

Built on FM related advantages, but improves bandwidth
efficiency by

A more complex multiplexing strategy
Digital representation of data

* A frequency band is 200 kHz, which is shared by 32 voice
calls in one direction

e Combination of FDMA and TDMA

e Number of calls that an be supported per unit bandwidth
(30/200)x32=4.8 times improvement over AMPS

SOl 43




_Theme Example
FM Cellular Telephones (contd.

Frequency
Domain

/

Frequency 1

Fregquency 2

Frequency n

Frequency 1

Frequency 2

Frequency n

Slot 1 Slot 2
Circuit | Circuit |
Circuit | Circuit |
Circuit | Circuit |
Circuit | Circuit |
Circuit | Circuit |
Circuit Circuit

Slotm

Circuit

Circuit

Downlink
Path

Circuit

Circuit

Circuit

Uplink
Path

Circuit

: Analog and Digital

44




Summary

Angle modulation
e FM (frequency) and PM (phase)
e Equivalence of the two
e Properties

Hard for spectral analysis

Study single tone FM for insights

e An empirical rule: Carson’s rule for approximate evaluation
of the transmission bandwidth of FM B

e Determined by the modulation index 3 or the deviation ratio
D for nonsinusoidal FM

Constant amplitude: robust to noise and interference

Trade-off between transmission bandwidth and noise
performance

_— 45




