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Lecture 3: Wireless Channel + OFDM Part 1
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The Channel

1011010110011001 1011010110011001

Bits Bits

Bits-to-Symbols Symbols-to-Bits
Mapper Mapper

Modulation Demodulation
(Encoding) (Decoding)

x(t) = = y(t) = hx(t— 1)+ v(t)

Channel attenuates the signal (Pathloss)
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The Channel
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Bits Bits
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Modulation Demodulation
(Encoding) (Decoding)
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The Channel

)
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Bits Bits

Bits-to-Symbols Symbols-to-Bits
Mapper Mapper

Modulation Demodulation

(Encoding) (Decoding)
x(t) = m y(t) =hx(t—1)+v(t)
Channel:
* Adds Noise

A
2rd /A
* Delays the Signal h « Eef md/

* Attenuates the Signal
* Rotates the Phase of the Signal



The Channel

Consider BPSK Modulation.
0- -1
1 - +1
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The Channe
Consider QAM Modulation
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Demodulating correctly requires COHERENCE!
i.e., Need to estimate & correct for the channel h

\ 4

Channel Estimation & Correction




Channel Estimation & Correction

Consider BPSK Modulation.
0- -1
L 1-+1 ¢

* J:1 I -1 /1 )I

x(t) hxx(t) +v(t)

Send Training Sequence (Preamble Bits): Known Bits

x(0)=1 — y(0)=h+v(0)
x(1)=1 —— y(1)=h+v(1)
x(2)=-1 — y(2)=—-h+v(2)

- 1 k
Estimate channel: h = E; %

t
Correct channel: X(t) = %



The Channel
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# y(t) =hx(t—1)+ v(t)
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Assumes single path!



Multipath Channel
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P Ny

- TX

Multipath Propagation: radio signal reflects off objects ground,
arriving at destination at slightly different times

y(t) = ale‘l’l x(t—11) + aze‘l’z x(t—1,) + a3e¢3 x(t — T3) -
y(t) = z aePex(t — 1) = z h(ty) x(t — 1) = h(t) * x(t)
k k

h(t) is channel impulse response.



y() = ) h(@) x(t = 7) = h(e) *x(®
k
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h(t) is channel impulse response.
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ISI: Inter-Symbol-Interference

Symbols arriving along late paths interfere with
following symbols.



Multipath Channel

h(t) is channel impulse response. different phases:
Constructive/Destructive

S|
y(0) = ) h(m) x(t — 1) = (D) * x(0)
Z k k \ /
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Multi-tap Channel =) ISI: Inter-Symbol-Interference

Symbols arriving along late paths interfere
with following symbols.

=) Channel Fading

Symbols arriving along different paths sum
up destructively



Multipath Channel

h(t) is channel impulse response.

y() = ) h(@) x(t = 7) = h(e) *x(®
k

Channel Fading: Symbols arriving along different paths sum up
destructively

Example 2 paths with distance dq{ = 1m,d, = 1.06m:

h= h{+h, = 4 eJ2mdy /A _|_i pJ2md; /A

d, d,

— i ej27'td1/7L (1 + ﬁ efZﬂ(dz—d1)/7L) ﬁ ~ 1
dl dZ

if d2 — ~ % - h = i ej27Td1//1(1 n efﬂ) =0 Destructive Interference!

A d;




Multipath Channel

h(t) is channel impulse response.

y() = ) h(@) x(t = 7) = h(e) *x(®
k

Channel Fading: Symbols arriving along different paths sum up
destructively

Example 2 paths with distance dq{ = 1m,d, = 1.06m:

h = hl -|— h2 = i ejzn-dl/;t +i ejzn-dZ/)l
dq d,
2T 5T
@f, =25GHz (1 =12cm): h=0.12¢e’3 +0.113e’3 = 0.006 )
.5TT 51T
@f, =5GHz (A =6cm): h=0.06e’3 +0.05¢e’3 =~0.116
17X
(24dB)

Frequency Selective Fading



Multipath Channel

h(t) is channel impulse response.
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Multipath Channel

h(t) is channel impulse response.

(O =) k@) xt—1) =h@®*x®) o HPXP
k

o5 . Fading

| /First Path

15 | / Second Path

z
1t
nth Path
0'% ﬂ/ 100 MH
4
0 TTQ T TQ-MQ ‘ 80 éO m 66 8JO
0 10 20 30 40 50 60 70 - h N - Frequency in MHz
Tap Index
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Symbols arriving along different paths sum ug
‘ destructively

ISI: Inter-Symbol-Interference

N | | Problematic in
Symbols arriving along late paths interfere with _
following symbols. Wideband Channel!




Narrowband Channel

h(t) is channel impulse response.

or 2 h(ty) x(t — 1) = h(t) * x(2) o H(OX ()
k
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Narrowband Channel

h(t) is channel impulse response.

y(t) = 2 h(ti) x(t — 1) = h(t) * x(£) - H()X(f)
k
25
15+
05 |
, LTJTL ,,,,,
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Narrowband Channel

h(t) is channel impulse response.

y(t) = 2 h(ti) x(t — 1) = h(t) * x(£) N H()X(f)
k
.0 | LTJTL ,,,,, |

2MHz



Narrowband Channel

h(t) is channel impulse response.
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Narrowband Channel

h(t) is channel impulse response.
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Narrowband Channel

h(t) is channel impulse response.

(O =) k@) xt—1) =h@®*x®) o HPXP
k
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y(©) = ) k@) x(E—1) ~ ) k) x() = (Z Az >x(t> = hx(®)
k k k

Narrowband Channel is Approximated by a Single Tap Channel



Narrowband Channel

h(t) is channel impulse response.

}’(t) — Z h(Tk) X(t) - h.X(t) o hX(f)
k
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y(©) = ) k@) x(E—1) ~ ) k) x() = (Z Az )x(t) = hx(t)
k k k

Narrowband Channel is Approximated by a Single Tap Channel



Narrowband vs. Wideband Channel

Narrowband Channel Wideband Channel
h x(t) h(t) * x(t)
A A
+1 +1 i
- e e
>
_1 — 4|
Symbol Time
0 0

S S



Narrowband vs. Wideband Channel

Narrowband Channel Wideband Channel
h x(t) <  hX(f) M)+ x(t) <  H)X)
O.: 0 ‘h'h‘k * 20 30 40 50 60 70 MO
~ Single Tap ~ Flat Channel Multi-tap Frequency
Channel Selective Channel
(1S1)

Need to correct for ISl to
be able to decode
correctly!

Estimating and Correcting for multi-tap channel is hard

Simplify processing using: OFDM




Wireless Communication System
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Single Carrier Modulation

Symbols modulated on a single carrier frequency: s[n]e~/27/ct



Single Carrier Modulation

Symbols modulated on a single carrier frequency

 Low Spectral Efficiency: sinc & raised cosine leakage
A

avA ATAVAVAV
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e ISI: Inter-Symbol-Interference limits performance
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Multi-Carrier Modulation

Symbols modulated on multiple Sub-carrier frequencies

Divide spectrum into many narrow bands

x(t) = Z si[n]e™/#m it

i

|
-80 -60 -40 -20 0 20 40 60 80
Frequency in MHz

Transmit symbols on different carriers in narrow bands

Channel is Flat 2 No need to worry about ISI
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Symbols modulated on multiple Sub-carrier frequencies

Divide spectrum into many narrow bands
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Multi-Carrier Modulation

Symbols modulated on multiple Sub-carrier frequencies

Divide spectrum into many narrow bands

x(t) = Z si[n]e™/#m it

i

y() = ) hysilnle it
[

| L |
-80 -60 -40 -20 0 20 40 60 80
Frequency in MHz

Transmit symbols on different carriers in narrow bands

Channel is Flat 2 No need to worry about ISI

Not That Simple!



Multi-Carrier Modulation

Symbols modulated on multiple Sub-carrier frequencies

e Divide spectrum mto many narrow bands

AAAA/\AAAA M

Guard Bands

* Significant Leakage between adjacent subcarriers

* Need Guard Bands = Very inefficient!

re o

\H
U \H
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Solution: Make the Sub-Carriers Orthogonal



Multi-Carrier Modulation

Symbols modulated on multiple Sub-carrier frequencies

Make the Sub-Carriers Orthogonal

ataYaYatal
1

Frequency

Channel 0 Channel 1 Channel 2
A A

Overlapplng Sub- Camers

WT\W /\

Frequency




OFDM: Orthogonal Frequency Division Multiplexing

Af

e Subcarriers are orthogonal: At the sub-carrier frequency, the sampled value has zero
leakage from other subcarriers.

* Subcarrier separation can be very small, for N subcarriers and bandwidth B:

=| W

Af =



OFDM: Orthogonal Frequency Division Multiplexing

Af

oG 00s

Subcarriers are orthogonal: At the sub-carrier frequency, the sampled value has zero
leakage from other subcarriers.

Subcarrier separation can be very small, for N subcarriers and bandwidth B:

=| W

Af =

How to Achieve This?



OFDM: Orthogonal Frequency Division Multiplexing

Use DFT: Discrete Fourier Transform

N-1

N-Point DFT: X(f) =

21tf it

N-1
N-Point IDFT: x(t) = ) X(f)e! W
fi=0

Send symbols in Frequency Domain

X(f;) = s[n] - Compute and transmit x(t) using IDFT



OFDM: Orthogonal Frequency Division Multiplexing

Send symbols in Frequency Domain

X(f;) = s|n] - Compute and transmit x(t) using IDFT

Nsubcarrier 2 IDFT of length N
Symbols s[n] can come from any modulation: BPSK, QPSK, QAM...
x(t) is complex = need I & Q = No point using PAM or ASK ...

OFDM Symbol: N samples of x(t) generated from the same modulated symbols using
IDFT.

OFDM Symbol Time: T = N/B where B is the bandwidth.

OFDM Frequency Bin Width: Af =1/T = B/N



OFDM: Orthogonal Frequency Division Multiplexing

Mixer
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OFDM Symbol in Frequency Domain

FFT can be represented 0toN —1or N/2toN/2 — 1.

OFDM Symbol created in digital baseband > 0 bin corresponds to DC

N-—1 N-—1
1 _.2m0t 1
X(0) =7 z x(Oe TN == z x(t) = DC
t=0 t=0



OFDM Symbol in Frequency Domain

FFT can be represented 0toN —1orN/2toN/2 — 1.
OFDM Symbol created in digital baseband = 0 bin corresponds to DC

DC of the circuits corrupts bits sent on the 0 bin = Do not use 0 bin



OFDM Symbol in Frequency Domain

DC Bin

4

FFT can be represented 0toN —1orN/2toN/2 — 1.
OFDM Symbol created in digital baseband = 0 bin corresponds to DC

DC of the circuits corrupts bits sent on the 0 bin = Do not use 0 bin



OFDM Symbol in Frequency Domain

DC Bin

4

N 0

2

Subcarriers orthogonal to each other but not to near by channels.

Need Guard Bins at sides of the channel = Transmit nothing there



OFDM Symbol in Frequency Domain

Guard Bins DC Bin Guard Bins
«— 4

*  Subcarriers orthogonal to each other but not to near by channels.
. Need Guard Bins at sides of the channel = Transmit nothing there

. Reduce Number of Guard band from N to 2 = Very Spectrally Efficient



OFDM: Orthogonal Frequency Division Multiplexing
Transmit Symbols in Frequency Domain On

X

Bits »I ModulationI >

RX
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LNA

BPF

BPF

‘Serial to Parallel‘

Orthogonal Subcarriers
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‘Parallel to Serial‘
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OFDM Symbol

Bits: 1 o0 1 01 O O O 1 1 0 1 1 00O

$

w,+1,-1,+1,-1,+1,-1,-1,-1,+1,+1,-1,+1,+1,-1, -1, ...

A Guarad be Uard
Bins Bins
v <>

0

N_4
2 ' 2

Symbol in Time



OFDM Symbol

Symbol in Time Symbol in Time Symbol in Time Symbol in Time

v @

., +1,—-1,+1,. ,+1,+1,+1,. ,—1,—-1,+1,. ,+1,-1,-1, ..

$

$ $

..101 ... L1171 ..001 ... ...100 ...

$

Not That Simple



OFDM Symbol

S1 S2 S3

le— FFT Window —>|

9

., +1,-1,+1, ..

$

..101 ...



OFDM Symbol

S2

le— FFT Window —>|

9 @

., +1,-1,+1,... .., +1,+1,+1,..

$ $

..101 ... L1171



OFDM Symbol

S3

le— FFT Window —>|

O G

., +1,-1,+1,... .., +1,+1,+1,.. ., —1,—1,+1, ..

$ $ $

..101 ... L1171 ..001 ...



OFDM Symbol

$2 $3 s4 ee
le— FFT Window —>|
o+, =141, . e +L, 41,41, =L, =141, ., +1,-1,-1,..
.. 101 ... 111 ..001 ... ..100 ...

Assumes FFT window is perfectly
aligned with symbol boundaries



OFDM Symbol

le— FFT Window —>|

.

.., +0.5+1i,—-0.7 + 0.3], ...

¥ Cannot decode!

FFT window is misaligned with symbol

Subcarriers are no longer orthogonal.



OFDM Cyclic Prefix

. 1 S2 S3 S4 ceoe

S
le— FFT Window —>|

DFT (FFT) assumes time samples are periodic of period N

Circular Shift before taking FFT:

x[t] = X[f]

2TTfT
x[t —tmod N] = X[fle™’ N




OFDM Cyclic Prefix

le— FFT Window —>|

DFT (FFT) assumes time samples are periodic of period N

Circular Shift before taking FFT:

x[t] = X[f]

2TTfT
x[t —tmod N] = X[fle™’ N




OFDM Cyclic Prefix

le— FFT Window —>|

* Evenif FFT window is misaligned, CP ensures that all samples come from the same
symbol = Orthogonality is preserved!

* Cyclic Prefix can be created by:
o Take first few samples and append them to end of symbol.
o Take last few samples and prefix them to beginning of symbol.

* Simple Phase Shift = Can be corrected by lumping with channel H[f]



OFDM Cyclic Prefix

Cyclic Prefix:

* Preserves orthogonality by allowing some misalignment in FFT Window

* Deals with Inter-Symbol-Interference

le— FFT Window —>|

R LR N T M T R S R L T D “WWMM%WVWWWWMMﬂWWWMWﬁWM\\
\ ‘

%\ 1”,

/\% /\m / |

I S I m‘%"f Vi — I S I | Mi N — I S I Mﬂwﬂf‘%—



OFDM Cyclic Prefix

Cyclic Prefix:

* Preserves orthogonality by allowing some misalignment in FFT Window

* Deals with Inter-Symbol-Interference

|<— FFT Wmdow—>|

B L e L T L S R e Mru Py [yt gty WMWMWW%WMWMMWWMWW\\
\ I \

o |
\ i 1

/ o “.
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' NO ISl in .

FFT Window



OFDM Cyclic Prefix

Cyclic Prefix:

* Preserves orthogonality by allowing some misalignment in FFT Window

* Deals with Inter-Symbol-Interference

|<— FET Wmdow—>| |<— FET Wmdow—>| |<— FET Wmdow—>|

ool W’"WI’ e LNl.w\w I,wu e [y ‘l“lr“wr/rl il I"M s 111,[ v u Aty | WWM%W’WWWWWW”WWWWW
L

pd

ISl ISl

ﬁ
[

ISl

F

.__‘?j%._____
F

NO ISl in NO ISl in NO ISl in
FFT Window FFT Window FFT Window



OFDM Cyclic Prefix

Cyclic Prefix:

':DZ' Preserves orthogonality by allowing some misalignment in FFT Window

|:||:||:| Deals with Inter-Symbol-Interference

mmm Overhead: Send CP + N samples for every N samples

CP
CP+ N

Overhead =

e.g. WiFi802.11n: N = 64,CP = 16 — Overhead = 20%

e.g.LTE: N = 1024,CP = 72 - Overhead = 6.5%



