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3.4 Costas Receiver
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3.4 Costas Receiver

Coherent Demodulation Output

w(t) = %ACA’C cos(¢)m(t)
cos(¢)

> To maximize vy(t), would like ¢ ~ 0. {

TN

> For vy(t) to be proportional to m(t), ¢ should be constant.

Thus, we wish to synchronize the local oscillator.
Let AL =1 for simplicity.
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3.4 Costas Receiver

Costas Receiver

Product Low-pass Demodulated
Modulator filter Signal
cos(2m fot + ¢)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
-90 degree
Phase Shifter
sin(27 fot + ¢)
Product Low-pass
Modulator Filter

3.4 Costas Receiver
Costas Receiver: Coherent Demodulation

Coherent Demodulation

Product Low-pass Demodulated
Modulator filter Signal
) v, (0)
cos(2m fot + ¢) | local oscillator output 0
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2 fot)m(t)
-90 degree
Phase Shifter
sin(27 fot + ¢)
Product Low-pass
Modulator Filter

Goals: (

1
(2) Tweak the local oscillator phase such that ¢ = 0.
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) Coherent demodulation of DSB-SC input signal.
)
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3.4 Costas Receiver
Costas Receiver: Phase Lock Circuit
Coherent Demodulation
Product Low-pass Demodulated
Modulator filter
cos(2m fot + ¢) | local oscillator output
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
-90 degree
Phase Shifter
Product Low-pass
Modulator Filter
Circuit for Phase Locking ¢ = 0
Goals: (1) Coherent demodulation of DSB-SC input signal.
2) Tweak the local oscillator phase such that ¢ = 0.
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3.4 Costas Receiver

Costas Receiver: Phase Lock Circuit
¢ > 0: Freq of local oscillator needs to temporarily decrease

cos(2m fet) cos(2m fet + @)
carrier local oscillator

local oscillator phase is ahead

: of carrier and

must decrease

: : : its frequency to
\ wait for carrier

t
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3.4 Costas Receiver

Costas Receiver: Phase Lock Circuit
¢ < 0: Freq of local oscillator needs to temporarily increase

cos(2m fet) cos(2mfet + @)
carrier local OSC|I|ator

AWV

local oscillator phase lags behind

carrier and must
increase its
frequency to
catch up
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3.4 Costas Receiver
Costas Receiver: In-Phase and Quadrature-Phase

I-Channel (in-phase coherent detector)

Product Low-pass Demodulated
Modulator v, (6) filter Signal
cos(2m fot + ¢)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
-90 degree
Phase Shifter
sin(2m ft + @)
Product VQ(t) Low-pass
Modulator Filter

Q-Channel (quadrature-phase coherent detector)
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3.4 Costas Receiver

Costas Receiver: In-Phase Coherent Detector

1 1 ) A, cos(2m f.t) cos(2m fot 4+ d)m(t)
cos(4) cos(B) = 5 cos(A+ B) + 5 cos(B — A) (_ . .
- - =5 cos(dm fot + ¢)m(t) + o cos(@)m(t)

Product Low-pass Demodulated
Modulator AG) filter Signal
cos(27 fot + p)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
-90 degree
Phase Shifter
sin(27 ft + @)
Product VQ(t) Low-pass
Modulator Filter
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3.4 Costas Receiver

Costas Receiver: In-Phase Coherent Detector

s(t) = Accos(2nf.t)m(t)
vi(t) = s(t)-cos(2nf.t+ ¢)
Recall
i —j¢ jb —jo
cos(2rfet + @) = & gomtee €7 et el—é(f )+ s f)
2 2 2 2
PN e Jj¢
Vi(f) = S(F) x| So0(F—£) + —2 O(F +£)
= —S(f)*é( )-l-—5( )*xO(f + 1)
e
= 75(’( —fo)+ Ts(f + )
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Costas Receiver:

Vi(f) = —S(f

2

2
cos(9)

= [S(F—1f)+S(F+1f)]+

2
~——

~1/2

C05(<z5) +Jsin(¢)

3.4 Costas Receiver

In-Phase Coherent Detector

)+—5(f+f)

cos(—¢) +jsin(—¢)

S(F—f£)+ :

S(f+ 1)

cos(¢) +jsin(¢)5(f )+ cos(¢) —jsin(¢)5(f L)

2

N——
small

S'”2(¢’) [S(F — £) = S(f + £.)]

3.4 Costas Receiver

Costas Receiver: In-Phase

repetmonEI\

Coherent Detector

repermonil\

72..}“(: 7f( I 2.If(: 72Ifr: 7f< I 2.‘f(:
S(f=fe) S(f=fe)
repetitions repetitions
. . TN . . TN
72.}“(; 7f(: I f(: 2f(: 72.}“(: 7f<: I f(: 2f(:
S(f+fe) S(f+fe)
repetitions repetitions
I \/L. . . AN .
*ch _f(' I fr' ch 72,]"6 _fu ft' ch
S(f = fo) +5(f + fe) S(f = feo) = S(f+ fe)
baseband components baseband components
/\ A‘/ add coherentl)‘//\ —2f / cancel out /\‘
72Ifc ;,f(: I f(l Q;f(:

~N~ - f 7 2f.
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3.4 Costas Receiver
Costas Receiver: In-Phase Coherent Detector
S(f = fe) +S(f + fe)
baseband components
/ add coherently
—2 f c - c 2f c
S(f=fo)=S(f+f
baseband components
cancel out
} } . }
\/ o f c c 2f c
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3.4 Costas Receiver

Costas Receiver: In-Phase

Coherent Detector

oid o—ié
Vi(f) = 75(fff;)+?5(f+fc)
_ cos(9) +jsin(¢)5(f SR+ cos(—¢) +jsin(—¢)5(f L)
2 € 2 ¢
_ cos(¢) +jsin(¢) cos(¢) — jsin(¢)
= fs(f—fc)ﬁ-fso‘—i—fe)
cos(¢) sin(¢)

~1/2 | significant baseband

for ¢ < 1.

+j=— |S(F—f) = S(F+£)
negligible baseband

small

The closer ¢ is to zero, the more significant the baseband term of

vi(t) and vice versa.
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3.4 Costas Receiver

Costas Receiver: In-Phase Coherent Detector

1S(F)]

AN EAS
—2f, —fe fe 2fe

Jjo
S8 - 1)
: : =~ : =~
72jc 7,7(6 fc 2fc
=3¢
S-S(F+ 1) |
== : : :
—2 c 7fc I fc 2.fc
e ) e~ J¢ . )
S-5(F = )+ S=S( m)/{\
. : : ——
*Q.fc *fc I fr, 2 c
For ¢ small.
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

s(t) Ac cos(2mf t)m(t)
vo(t) = s(t)-sin(2rfct + @)
Recall
oo e o e e it
in(2mfet =Pt _ = TRt = —_§(f —f) — 5(F + 1
sin(2rfet + ¢) 5 5 e 2 ( ) 2 (f + 1)
Vo(f sy« [ o) - 5F 4t
Q()_ ()*Z(_c)_zj(“‘c)
oi® et
= 2—J_5(f)*5(f —f) — % S(F)xdo(f + £.)
i e
= 27-5(7( —f) - Tjs(f + 1)
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

A cos(2m fot) cos(2m fet + d)m(t)

1 1
cos(A) cos(B) = = cos(A+ B) + = cos(B — A) A :
3 3 ! C 7 cos(4m fot + ¢)ym(t) + 7 cos(p)m(t)

Product Low-pass Demodulated
Modulator v, filter Signal
cos(27 fot + p)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
-90 degree
Phase Shifter
sin(27 fot + ¢)
Product VQ(t) Low-pass
Modulator Filter
A cos(2m fot) sin(2m fot + ¢ t
cos(A)sin(B) = %\in(_ler’) + %.\mw —A) (_ ¢ c0s(2mfet) sin(2mfet + S)m ()

= ?C sin(4n fot + ¢)m(t) + 75 sin(¢)m(t)
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

6 o—J®
Vo) = 57 S(F~f)-5-S(+£)
_ cos(9) +isin(9) cos(—g) + sin(—)
= 2—j5(f —f)— 2j S(f+ 1)
_ cos() +sin(9) cos() —jsin(9)
— T S(f—f.)— % S(f +fo)
= D (e r)str+ 1+ 20 (50— £)45(F + )]
Nl-/l2' : Il

for ¢ < 1.
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

S(f=f)—
baseband components
» |

: : canclel out '/:\‘
\/ _fc c 2fc

S(f - fc) + S(f + fc)
baseband components
/

add coherentl
A INEE
_2fc _fc I fc 2fc
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

el k ,
Q_js(f_fc) (f+f(:)
2L, : ' =~
*]l c ! f c 2 f c
For ¢ small.
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3.4 Costas Receiver

Costas Receiver: Quadrature-Phase Detector

for o < 1.

vo(t) and vice versa.

e/? —j¢
Vo(f) = 2—J.5(f—fc)—6275(f+fc)

_ cos(¢) +jsin(¢) cos(—¢) + j sin(—¢)

S TR Gl O % S(f+ 1)

_ cos(¢) +jsin(¢) cos(¢) — jsin(¢)

= 2—j5(f—fc)—2—j5(f+fc)

= %ﬁj) S(f —f)=5(f +fc) +j5in2—(f) S(f — £)+S(f + £.)
72 L negligible baseband m significant baseband

The closer ¢ is to zero, the more negligible the baseband term of
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Costas Receiver:

3.4 Costas Receiver

vi(t) and vg(t)

DSB-SC wave
A cos(2 fot)m(t)
spectrum
2fe Te . fe 2f,

A cos(2m fot) cos(27 fet + d)ym(t) spectrum /4\
= 78 cos(dm fot + ¢)m(t) + ?C cos(p)m(t) o7, =7 T 7 o7
Product Low-pass Demodulated
Modulator AG) filter Signal
v, (1)
cos(27 fot + p)
Voltage-controlled Phase
Oscillator Discriminator
-90 degree
Phase Shifter
sin(27 fet + @)
Product VQ(t) Low-pass
Modulator Filter
A cos(2m fot) sin(2m fot + d)mi(t)
A, A u
- 7 sin(4n fot + ¢)m(t) + 5 sin(¢)m(t) S,p;;" " L
=7 U 2 2],
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3.4 Costas Receiver

Costas Receiver: v/(t) and vg(t)

A cos(2m fot) cos(27 fet + d)m(t)
= TC cos(4m fot + o)m(t) + ?' cos(¢)m(t)

spectrum ./L'

-2fc  —fe T e 2f.

DSB-SC wave
A, cos(2m fot)m(t)
spectrum
N | AN
2f, f T f. 2f,

Product Low-pass Demodulated
Modulator v, (0 filter Signal
cos(27 fot + B)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A cos(2m fot)m(t)
spectrum | -90 degree
AN - S Phase Shifter
—2f. —fe fe 2fe
sin(27 fot + ¢)
Product VQ(t) Low-pass
Modulator Filter
A, cos(2m f.t) sin(27 fot + d)m(t)

@ o c spectrum

=B sin(4n fot + ¢)m(t) + 5 sin(@)m(t) oy L
-1 T 2 2/,
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3.4 Costas Receiver
Costas Receiver: Low-Pass Filter
A cos(2m fot) cos(27 fet + d)ym(t) spectrum /4\

= 75 cos4m=Eg)m(t) + 76 cos(¢)m(t) Tf =7 T 7 o

Demodulated

Signal

Product Low-pass
Modulator filter
cos(27 fot + p)
Voltage-controlled Phase
Oscillator Discriminator
-90 degree
Phase Shifter
sin(27 ft + @)
Product Low-pass
Modulator Filter

A cos(2m fot) sin(2m fot + d)mi(t)

= = sin(d@ft=3)m(t)
2

+ i sin(¢)m(t)
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spectrum
—2fc

45

< —fe : fe

)
S
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Costas Receiver:

3.4 Costas Receiver

v/(t) and

vo(t)

A, cos(2m f.t) cos(2m fot + d)mi(t)

spectrum /4\

7” cos(4m fot + )m(t) + 70 cos(p)m(t) ST 7 T 3 2
Product Low-pass Demodulated
Modulator v, (0 filter Signal
cos(27 fot + p)
Voltage-controlled Phase
Oscillator Discriminator
DSB-SC wave
A, cos(2m fot)m(t)
spectrum | -90 degree
AN - EAS Phase Shifter
—2f. —fe fe 2fe
sin(27 fot + ¢)
Product VQ(t) Low-pass
Modulator Filter
A cos(2m fot) sin(27 fot + d)m(t)
. , . spectrum
= Sesin(nfot+ o)m(t) + Ssin(@m(t) ) |
/e ' I 27,
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3.4 Costas Receiver

DSB-SC wave
A cos(2m fot)m(t)

Costas Receiver: Local Oscillator Control
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/P A R M
Product Low-pass Demodulated
Modulator filter Signal
A,
cos(2m fot + @) vy 3 cos(¢)m(t)
Voltage-controlled 9(t) Phase
Oscillator Discriminator
v, (1)
-90 degree
Phase Shifter
sin(27 fot + ¢) % sin(¢)m(t)
Product Low-pass
Modulator Filter
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3.4 Costas Receiver

Costas Receiver: Phase Discriminator

Two components in sequence:

(1) multiplier
! AC Ac .
w(t) - v(t) = - cos(¢)m(t) - —-sin(¢)m(t)
Az - >
= —<cos(¢)sin(¢) m*(t)
4 \N,l_/\;)_/
Az,
= = t
Com(1)
for ¢ < 1.
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3.4 Costas Receiver

Costas Receiver: Phase Discriminator

Two components in sequence:

(2) time-averaging unit

1A,
t) = — —=< t)dt
gt) = o7 | Gom'(®
A2 S AL

TV
power of m(t); for T large is constant

Therefore, g(t) is proportional to ¢, and is the same sign as the
phase error ¢.
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3.4 Costas Receiver

Costas Receiver: Voltage-controlled Oscillator

Product Low-pass Demodulated
Modulator filter Signal
A,
cos(2m fot + @) Vo(t) ) cos(¢)m(t)
Voltage-controlled 9(t Phase
Oscillator Discriminator
DSB-SC wave ,
— vy (1)
Ag cos(2m fot)m(t)
-90 degree
Phase Shifter
. . A
sin(27 fot + ¢) - sin(¢)m(t)
Product Low-pass
Modulator Filter
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3.4 Costas Receiver

Costas Receiver: Voltage-controlled Oscillator

» If g(t) > 0 (or ¢ > 0), then the local oscillator will decrease
from f. proportional to the value of g(t) (or ¢).

» If g(t) <0 (or ¢ < 0), then the local oscillator will increase
from f. proportional to the value of g(t) (or ¢).
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3.4 Costas Receiver 3.4 Costas Receiver

Costas Receiver: Voltage-controlled Oscillator Costas Receiver

¢ > 0: Freq of local oscillator needs to ¢ < 0: Freq of local oscillator needs to Coherent Demodulation
temporarily decrease temporarily increase Product Low-pass Demodulated
Modulator filter

v, (0)

cos(2m fot + ¢)

Voltage-controlled
Oscillator

local oscillator output

Phase
Discriminator

cos(2r fot) cos(2m fot + ¢) cos(2mf.t) cos(2mfot + &)
carrier local oscillator carrier local oscillator

DSB-SC wave

A, cos(2 fot)m(t)

-90 degree
Phase Shifter
Product
Modulator

carrier and must
increase its
frequency to
catch up

its frequency to
wait for carrier

Low-pass
Filter

Circuit for Phase Locking ¢ = 0
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3.5 Quadrature-Carrier Multiplexing 3.5 Quadrature-Carrier Multiplexing

Multiplexing and QAM

Multiplexing: to send multiple message simultaneously

Quadrature Amplitude Multiplexing

Quadrature Amplitude Multiplexing (QAM): (a.k.a quadrature-carrier
multiplexing) amplitude modulation scheme that enables two
DSB-SC waves with independent message signals to occupy the same
channel bandwidth (i.e., same frequency channel) yet still be
separated at the receiver.
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3.5 Quadrature-Carrier Multiplexing

QAM: Transmitter

Multiplexed

—— A, cos(2m fet)

Agsin(27 f.t)

Message Product
f,'?lr(]f)l Modulator
-90 degree
Phase Shifter
Message Product
signal ——
ma(t) Modulator

@)
&
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Signal
s(t)
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3.5 Quadrature-Carrier Multiplexing

QAM: Transmitter

s(t) = Acmy(t) cos(2mf.t) + Acmo(t) sin(2mf.t)
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3.5 Quadrature-Carrier Multiplexing

QAM: Receiver

Product

Modulator

Multiplexed
il(%nal N -90 degree
Phase Shifter
Product
Modulator

—e Al cos(27 f.t)

Al sin(27 fot)
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Low-pass 1
filter §ACALm] (t)
Low-pass 1 ,
Filter 2ACACmQ(t)
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3.5 Quadrature-Carrier Multiplexing

QAM: Receiver

» Costas receiver may be used to synchronize the local oscillator

for demodulation.
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