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L ectures 7. Modulation with 2-D signal

Eytan Modiano



Two-dimensional signals

* §=(5.8) RPN P O

® Set of signal pointsis
called a constellation

S;=(-1-1) S,=(1,-1)

* 2-D constellations are commonly used

* Largeconstellations can be used to transmit many bits per symbol
— Morebandwidth efficient
— Moreerror prone

* The“shape’ of the constellation can be used to minimize error probability by
keeping symbols asfar apart aspossible

e Common constellations

—  QAM: Quadrature Amplitude Modulation
PAM in two dimensions

PSK: Phase Shift Keying
Special constellation wher e all symbols have equal power
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Symmetric M-QAM

S, = (AX, A, A,’T(],Aﬁ,ﬂe{+/—L+/—3...,+/—(N—l)}
M is the total number of signal points (symbols)

[y signal levels on each axis

Constellation is symmetric 16-QAM
— M=K?, for some K © o T30
Signal levels on each axis are © © 1o
| | |

the same as for PAM 3 .1 1
) © 1.10

Eg.,.4-QAM = A, AL e{+/-1

o o 130

16— QAM= AL AL e{+/-1,+/-3
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Bandwidth occupancy of QAM

* When using arectangular pulse, the Fourier transformisa Sinc

g(t) IG(P)]
A t AT »
. /\./\./ W»
T 20T -UT UT 2/T

* First null BW isstill 2/T
— Log,(M) bits per symbol
— Rb=Log,(M)/T
— Bandwidth Efficiency = Rb/BW = Log,(M)/2

= “Sameasfor PAM”

But aswe will see next, QAM ismore energy efficient than PAM
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Energy efficiency

Een = [(AR)° +(AN)1E,

2_ —_
E(A%)2]= B(AY = —— =22 =um

3 3
—  2AM-1)
E, ==
Transmitted energy = 5 - (M3— D E,
(M-1)

E, (QAM) = Energy / bit=

3Log, (M) °

Compareto PAM: E, increaseswith M, but not nearly asfast as PAM

(M2-1)

E,(PAM) = SLoa.(M) E,




Bandpass QAM

* Modulatethetwo dimensional signal by multiplication by orthogonal
carriers(sinusoids): Sineand Cosine

— Thisisaccomplished by multiplying the AX component by Cosine and the AY
component by sine

— Typically, people do not refer to these componentsas x,y but rather A€ or AS
for cosine and sine or sometimesas A%, and A! for quadrature or in-phase
components

* Thetransmitted signal, corresponding to the mth symbol is:

Un(t) = Ang(Cos(2rfct) + Ang(t) Sin(2f.t), m=1..M
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M odulator

—  g(t) —'%

| Map Log(M) Cos(2rf 1)

Binary data .| bitsinto one C @—»U
of M symbols 0
An=(A%, AY) Sin(2nf )

— g R
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Demodulation: Recovering the baseband signals

U(t)

U(t)

X)—»

LPF

— er(t)

|

2Cos(2nf 1)

X)—»

|

2Sin(2nf 1)

LPF

" S,r(t)

e Over asymbol duration, Sin(2rf t) and Cos(2rf t) are orthogonal
— Aslong as the symbol duration is an integer number of cycles of the carrier wave
(f.=n/T) for somen
* When multiplied by a sine, the cosine component of U(t) disappears and similarly
the sine component disappears when multiplied by cosine
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Demodulation, cont.

U (t)2Cos(2r f.t) = 2A*g(t)Cos’ (2x ft) + 2A%g(t) cos(27 f.t)sin(27 f t)
1+ cos(2cx)

2
= U(t)2Cos(2r f t) = S*(t) + S*(t) cos(4m f 1) — LPF = S*(t) = A*g(t)

Cos* (o) =

Smilarly,
U(t)2Sin(2r f.t) = 2A*g(t)Cos(2x f.t)Sin(27 f.t) + 2Ag(t)sin’ (2x T t)
1- cos(2xx)
2
= U (t)2Sn(2rft) = 9(t) - S(t)cos(4n ft) » LPF = S'(t) = A'g(t)

Sn?(a) =




Phase Shift Keying (PSK)

* Two Dimensional signalswhere all symbols have equal energy levels
— l.e,theylieonacircleor radius J|5_S

"
N

* Symbolsareequally spaced to minimize likelihood of errors

* E.g,Binary PSK

nJE_S.JE_Sm

e

St >

e 4-PSK (above) same as4-QAM
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M-PSK

A" =Cos(27i IM), AY =Sin27i /M), i =0,.. M -1

Um(t) = g(t) AmCos(27fct) — g(t) At Sin2afc t)

Cos(a— B) + Cos(o + B)
2

S r((x) g r(ﬁ) _ COS(OC —ﬁ) —ZCOS(OC'l' ﬁ)

Hence, Um(t) =g(t) Cos(2xfct + 2anm/M)
h

Notice : Cos(a)Cos(f3) =

¢m = 2zm/M = phases shift of mt symbol

Upn (t) = g(t) Cos(27ft + ¢my), m=0..M —1



* Congtdlation of M Phase shifted symbols

M-PSK Summary

— All have equal energy levels
— Log,(M) bits per symbol

e Modulation:

Binary data

>

— g(t) ﬁ(%i
Map Log(M) Cos(2nf 1)
bits into one
of M symbols Um(t)
An=(A% A) S nianCt)
— ) R

* Noticethat for PSK we subtract the sine component from the cosine component

—  For convenience of notation only. If we added, the phase shift would have been negative but the
end result isthe same

* Demodulation isthe sameasfor QAM
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