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L ectures 6: Modulation

Eytan Modiano



M odulation

* Digital signals must be transmitted as analog waveforms

* Baseband signals
— Signalswhose frequency components are concentrated around zero

* Passband signals

— Signalswhose frequency components ar e centered at some frequency f,
away from zero

* Baseband signals can be converted to passband signalsthrough
modulation

— Multiplication by a sinusoid with frequency f,
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Baseband signals

* Thesmplest signaling schemeis pulse amplitude modulation (PAM)

— With binary PAM a pulse of amplitude A isused torepresent a“1” and a pulse
with amplitude-A torepresent a“0”

* Thesmplest pulseisarectangular pulse, but in practice other type of pulses
are used

— For our discussion we will usually assume a rectangular pulse

* |fwelet g(t) bethebasic pulse shape, than with PAM we transmit g(t) to
represent a“1” and -g(t) torepresent a“ 0’

()

1= S() = g(t) A

0= S(t) =-9(t)
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M-ary PAM

e UseM signal levels, A,...A,
— Each level can beused to represent Log,(M) bits

e Eg.M=4= A,=-3,A,=-1,A,=1,A,=3

- S =A;9(t)
* Mapping of bitsto signals: each signal can be used to represent Log,(M)
bits
— Doesthechoice of bits matter? Yes- moreon Gray coding later
S bpb,
S 00
S, 01
S, 11
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Signal Energy

_ (7 2 W _ 2 (T, 24 _ 2
En =] (S0 = (A0*] (@) = (A°E,
* Thesgnal energy depends on the amplitude
* E,istheenergy of thesignal pulseg(t)

* For rectangular pulsewith energy E, =>

T 2 2
E,= | Adt=TA= A= [E/T
0

9(0)

g(t)-{"Eng 0<t<T Ey/T —‘

0 otherwise
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Symmetric PAM

Signal amplitudes are equally distant and symmetric about zero

-7 5 3 -1 O 1 3 5 7
A =(2m-1-M), m=1...M

Eg.M=4= A, =-3A,=-1,A,=1,A,=3
Average energy per symbol:
EgM
Eae=— Y (2m-1-M)? =E,(M?* -1)/3
M%( ) =Eg(M* -1)

What about aver age energy per bit?



Gray Coding

®* Mechanism for mapping bitsto symbols so that the number of bit errors
IS minimized
— Most likely symbol errorsare between adjacent levels

— Want to MAP bitsto symbols so that the number of bitsthat differ between
adjacent levelsis minimized

® Gray coding achieves 1 bit difference between adjacent levels

e Example M= 8 (can be generalized to any M which isa power of 2)
— Alsoseethecaseof M =4 from earlier dide

000
001
011
010
110
111
101
100

w N

> > > > > > >

(oe]

Eytan Modiano
Slide 7



Bandpass signals

* Totransmit a baseband signal S(t) through a pass-band channel at some
center frequency f_, we multiply S(t) by a sinusoid with that frequency

Sin(t) »X) > U _()=S.(HCos(2rf 1)
= A_g(t) Cos(2nf 1)

Cos(2rf t)

F[Cos(2nf )] = (8(F-f )+5(f+f,))/2

N R R




Bandpass signals, cont.

FIALQ(t)] = depends on g()

4 BN .

-W W

F[A,g(t) Cos(2rf t)]

Am/2 A [ Am/2 A
j /\ \ R
£ f,

Recall: Multiplication in time = convolution in freguency
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Energy content of modulated signals

E, = | UZ(t)dt=| A2g°(t)Cos*(2mft)dt

Cos?(cx) = 1+ COZS(ZO‘)
_ Ari =2 Ari <2
Ey =0 | o) +7 | g°(t)Cos(an fct)dE
~0
2
E_= An E,
2

* Thecosinepart isfast varying and integratesto O

Modulated signal has 1/2 the ener gy asthe baseband signal



Demodulation

* Torecover theoriginal signal, multiply thereceived signal (U_(t)) by a
cosine at the same frequency

u(t)

)—»

2Cos(2nf 1)

U,.(t) = S..(1)Cos(2nf t) = A, g(t) Cos(2nf 1)

L PF

— S(1)

U(t)2Cos(2rf )= 2S(t)Cos?(2nf t) = S(t) + S(t)Cos(4nf {)

* Thehigh frequency component isreg ected by the L PF
and we are left with (t)
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Bandwidth occupancy
(ideal rectangular pulse)

G(f) = Flg(t)] , 90
]

oo ) T )
G(f) = Lg(t)e‘ j2ft o — jo IR

G(f) =(AT)Sinc(#AT)e ™"
IG(f)]
AT 4

=N

-2/T -UT uT 21T

* |deal rectangular pulse hasunlimited bandwidth
—  First “null” bandwidth =2(1/T) =2/T

* |npractice, we"“shape’ the pulse so that most of its energy is contained within a
small bandwidth
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Bandwidth efficiency

* R.=symbol rate=1T
S
— Log,(M) bitsper symbol => R, = bit rate=log,(M)/T bits per second

* BW=2/T=2R,
— Bandwidth efficiency = R,/BW = log,(M)/T * (T/2) =log,(M)/2 BPS/Hz

e Example:
— M =2 = bandwidth efficiency = 1/2
— M =4 = bandwidth efficiency = 1
— M =8=>Dbandwidth efficiency = 3/2

* Increased BW efficiency with increasing M

* However, asM increase wearemore proneto errorsas symbolsare closer together
(for agiven energy level)

— Need toincrease symbol energy level in order to overcomeerrors
—  Tradeoff between BW efficiency and ener gy efficiency
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Energy utilization

ave

E M
E :VQE(Zm_l_ M) 2 :|5g(|\/|2 —1) /3, E, =basic pulse energy
1

m=
f lati -5 2_1)/
After modulation E, = > =Eg(M"-1)/6

(M? -1)

E, =average energy per bit = 5Log,(M) E,

* Averageenergy per bit increasesasM increases

BW efficiency

ener gy efficiency
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