Lecture 8: OFDM cont.

Recall:

x(t) ————= h(t) pb———= z(t)

Figure 3.11: Bandpass filtering.

z(t) = Re{aexp(i2nw.t)}, 0<t < T

0, t>Tport<0

2(t) = Re{H (w.)aexp(i2nw.t)}, Th <t <T;s

(from Lecture 6)
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Recall:

x(t) ————= h(t) pb———= z(t)

Figure 3.11: Bandpass filtering.

Consequence K1

Z Re {a exp(i2mwit)}, 0<t < T,
0

k=
h(t)=0, t>Tport<0

K—1
Z Re {H (wk)ar exp(i2mwit)}, Th <t < Ty
=0
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Recall:

x(t) ————= h(t) pb———= z(t)

Figure 3.11: Bandpass filtering.

x(t) = Re

Consequence { 1

Z a exp(ivakt)} , 0<t< T,
k=0

t>Tport<0

K-1
Z H(wk)ak exp(iwakt)} . Th S t S TS
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K—-1
x(t) = Re { Z ag eXp(iQngfA(t - Tcp) eXp(iQWcht)} , 0<t< Ty
k=0

(K—1
z(t) = Re Z a exp(iwakt)} , 0<t< Ty
\ k=0

(K—1
Z(t) = Re < Z H(wk)ak exp(’iQmukt)} Ay <t < T
\ k=0
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z(t) = Re {

K-1

k=0

Z ag exp(iQngfA (t - Tcp) eXp(ZQWfrct)} , 0<t< Ty

Or alternatively, introducing 6, = —i27gy faT,, and using fi = frc + gr fa

z(t) = Re {

K—1
Z ay exp(i27 frt + Hk)} ., 0<t<Ty

k=0

z(t) = Re

z(t) = Re

(K—1
Z a exp(iwakt)} , 0<t< Ty

. k=0

(K—1

Z H(wk)ak exp(iwakt)

. k=0

}7 ThStSTS
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Al

D> axexp(iwyt + ek)} . 0<t<T,
k=0

(K—1

z(t) = Re Z a exp(iwakt)} , 0<t< Ty
\ k=0

(K—1
Z H(wk)ak eXp(iQkat)} y Th S t § TS
\ k=0
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(K—1

D awexp(iwyt + ek)} . 0<t<T,
\ k=0

(K—1

Z H(wk)ak exp(iwkt + Hk)} , Tcp <t <T,
\ k=0

(K—1

z(t) = Re Z a exp(iwakt)} , 0<t< Ty
\ k=0

(K—1
Z(t) = Re < Z H(wk)ak exp(’iQmukt)} Ay <t < T
\ k=0
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K-1

2(t) = Re { Y H(wr) exp(ify)ay exp(i2mge fat) exp(i27 fret)
k=0

Expand using the reference-carrier

|

Tcp§t<Ts
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K—1
{ aj exp( zwkt—l—ﬁk)} 0<t<T,
k=0

K-1
{ H wk eXp Zek ak eXp(ZQﬂ-gkat) eXp(ZQﬂ-frc )} ) Tcp <t< Ts
k=0

Frequency down-conversion

cos(27 fret)
2(t) —

— 8in(27 frct)
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K—1
{ aj exp( zwkt—l—ﬁk)} 0<t<T,
k=0

K-1

z(t) = Re { H (wg) exp(i6y)ag exp(zngkfAt)leXp(iZWfrct)} , Ty <t <T
k=0

K-1

Frequency down-conversion . ,
Y H(wi) exp(iby)ax exp(i2mgy fat)

cos(27 fret)
2(t) —

— 8in(27 frct)
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K—1
{ aj exp( zwkt—l—ﬁk)} 0<t<T,
k=0

K-1

z(t) = Re { H (wg) exp(i6y)ag exp(zngkfAt)leXp(iZWfrct)} , Ty <t <T
k=0

K1
Y H(wi) exp(iby)ax exp(i2mgy fat)
cos(2m fret)

2(t) — ;@4
— 8in(27 frct) > Shift back time

l T., <t<T,

Frequency down-conversion
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K—1
{ aj exp( zwkt—l—ﬁk)} 0<t<T,
k=0

K-1

z(t) = Re { H (wg) exp(i6y)ag exp(zngkfAt)leXp(iZWfrct)} , Ty <t <T
k=0

K-1

Frequency down-conversion ,
Y H(wg)ar exp(i2mge fat)

cos(27 fret)
2(t) —

— 8in(27 frct)
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K—1
{ ay, exp zwkt—l—ﬁk)} 0<t<T,
k=0

K-1

z(t) = Re { H (wg) exp(i6y)ag GXp(’LQﬂ'gkfAt)IeXp(iQﬂ'frct)} , Top <t <17
k=0

K1
Y H(wr)ar exp(i27m gy fat)

cos(2m fret) =
e N 9
— Siﬂ(27’(’f7~ct) L= nTobs/N
. 0 <t< Tobs

Sample the signal

2(t) —
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K—1
{ ay, exp zwkt—l—ﬁk)} 0<t<T,
k=0

K-1

z(t) = Re { H (wg) exp(i6y)ag GXp(’LQﬂ'gkfAt)IeXp(iQﬂ'frct)} , Top <t <17
k=0

Sample the signal szgkn
wk afk exp

cos(27 fret)
— 8in(27 frct)

O<t<Tobs
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K-1

2
Ty = I;)H(wk)akexp<z 7;&%)) n=0,1,2,..., N-1

Receiver

cos(27 fret)

z t — ° 7<.—>7“n
( ) — sin(27 fr.ct) ><;>\’
()
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K-1

2
T = Z H (wg)ay exp <Z ngn) Received complex baseband signal

k=0

K-1

T — Zakexp<

k=0

N

12T grN
N

) Transmitted complex baseband signal

Receiver

2(t) —

cos(27 fret)

— sin(27 fr.ct)

?}Qo 7<-—> Tn
7




Lecture 8: OFDM cont.

K-1

2
T = Z H (w)ag exp <Z ?kn> Received complex baseband signal
k=0

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FFT of {z,,}?
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K-1

2
T = Z H (w)ag exp <Z ?kn> Received complex baseband signal
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K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FFT of {z,,}?
We get the N values {X,,}
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K-1

12T gRM
T = Z H (wg)ay exp < ]\?k ) Received complex baseband signal
k=0

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FFT of {z,,}?
We get the N values {X,,}

What is so special about those ?
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K-1

2
T = Z H (w)ag exp <Z ?kn> Received complex baseband signal
k=0

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FFT of {z,,}?
We get the N values {X,,}

What is so special about those ?

They equal {a, }in some other order!
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K-1

2
T = Z H (w)ag exp <Z ?kn> Received complex baseband signal
k=0

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FFT of {z,,}?
We get the N values {X,,}

What is so special about those ?

They equal. {a,,} in some other order!
What order ?
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K-1

2
T = Z H (w)ag exp <Z ?kn> Received complex baseband signal
k=0

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FET of 12 1
We get the N values {X] Xm = Nam—g,;, 0=m < gx_1

What is so special about { X, =0, gx 1 +1<m<gyo+ N —1

They equal. {a,, } in some ¢

Xm:Nam—(go+N)7 g+N<m<N-1
What order ? This order
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K-1

Tn — Z Hkak exp
k=0

<i27rgkn

> Received complex baseband signal

Define Hk’ p— H(Wk)

K-1

12T gEn . .
T = Z Ak €Xp N Transmitted complex baseband signal
k=0

What happens if we take the FET of 12 1
We get the N values {X] Xm = Nam—g,;, 0=m < gx_1

What is so special about { X, =0, gx 1 +1<m<gyo+ N —1
They equal {a,,}in some ¢

Xm:Nam—(go+N)7 g+N<m<N-1
What order ? This order
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K-1

Tn — Z Hkak exp
k=0

<i27rgkn

> Received complex baseband signal

Compute FFT of {Tn}

N—-1

_i9
R, = Z frnexp< z;\r[mn)

n=0

What happens if we take the FET of 12 1
We get the N values {X] Xm = Nam—g,;, 0=m < gx_1

What is so special about { X, =0, gx 1 +1<m<gyo+ N —1
They equal {a,,}in some ¢

Xm:Nam—(go+N)7 g+N<m<N-1
What order ? This order
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K-1

Tn — Z Hkak exp
k=0

<i27rgkn

> Received complex baseband signal

Compute FFT of {Tn}

N—-1

_i9
R, = Z frnexp< z;\r[mn)

n=0

What happens if we take the FET of 12 1
We get the N values {X] Bm = NHpm—go0m—g,, 0= m < gx—1

What is so special about 4 R,, =0, gx 1 +1<m<go+ N —1
They equal {a,,}in some ¢
What order ? This order

Ry = N Hin— (604 N) @m—(go+N)
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K-1

Tn — Z Hkak exp
k=0

<i27rgkn

> Received complex baseband signal

Get back{an} from { Rm}
N—1

—12Tmn
R,, = Ty €XP ( ) _ Ry
nz::o N “n " NH,

n : The index where a, is

What happens if we take the FET of 12 1

We get the N values {X] Bm = NHpm—go0m—g,, 0= m < gx—1
What is so special about 4 R,, =0, gx 1 +1<m<go+ N —1

They equal. {a,, } in some ¢

Ry = N Hin— (604 N) @m—(go+N)

What order ? This order
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K-1

12T g
Tn — Z Hkakexp ( N
k=0

> Received complex baseband signal

Get back{an} from { Rm}

N—1
R,, = Z Ty €XP (
n=0

lig

n : The index where a, is

Receiver

| cos(27 fr.t)

z(t)—

>|— sin(27 fict)

(@)
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With noise
Rﬁ — NHnan + ws Variance No

Receiver

cos(27 fret)

z(t)—

— sin(27 fr.ct)
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With noise

Variance Ng

Receiver

cos(27 fret)

z(t)—

— sin(27 fr.ct)
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With noise

Variance Ng

= Gy, T Np

Receiver

cos(27 fret)

z(t)—

— sin(27 fr.ct)
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With noise

Variance Ng
No
N2|H,|2

= a, + 77 Variance

Receiver

cos(27 fret)

z(t)—

— sin(27 fr.ct)
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With noise

Variance Ng

= a, + 77 Variance

No

SNR,, =

N2|Hn|2

Receiver

cos(27 fret)

z(t)—

— sin(27 fr.ct)
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With noise

Variance Ng

Ny
N2|H,, |2

= a, + 77 Variance

Channel

N
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With noise

Variance Ng

Ny
N2|H,, |2

= a, + 77 Variance

Channel

N
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Xm:Nam—goa 0<m<gr_1

szoa 9K—1+1§m§90‘|-N—1

Xm=Napm_(go+N)y Go+N<m<IN-—-1

Power allocation: use different powers at different sub-carriers
(Waterfilling).

Channel
A SNRg > 1

H(w1)
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Why OFDM

AN

Channel

AN

Receiver

cos(27 fret)

()

— sin(27 fr.ct)
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Why OFDM
No OFDM

AN

Channel

Signal (+1 +1)

Receiver

| cos(27 fr.t)

()

— sin(27 fr.ct)
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Why OFDM
No OFDM
Channel
Signal (+1 +1) Received Signal
1 >f-
Receiver

2(t)—

s
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Why OFDM

/

\

No OFDM
Intersymbol Interference

Channel

Signal (+1 +1) Received Signal
M
oS~

f

Receiver

()

cos(27 fret)

— sin(27 fr.ct)
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Why OFDM
No OFDM

A Intersymbol Interference -> Viterbi algorithm
Channel (Icomplex)

Signal (+1 +1) Received Signa
m

r

Receiver

| cos(27 fr.t)

()

— sin(27 fr.ct)
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Why OFDM
No OFDM

A Intersymbol Interference -> Viterbi algorithm
Channel (Icomplex)

Signal (+1 +1) Received Signa
m

r

Receiver OFDM - very simple

| cos(27 fr.t)
(t)— DFET
— sin(27 fr.ct)

Ry
NH,




