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Wireless Communication Channel

1. Frequency Selective & Time
Dispersive Fading

Wireless is vulnerable!

Basestation

Terminal

#1: Path loss due to distance
— Lower average SNR
#2: Multi-path fading
— Deep SNR dip

#3: Time dispersive fading
—— Inter symbol interference
#4: Multi-access interference

— Co-channel interference
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Wideband Signal Model

Received signal

y(t) :_[h(r)s(t —7)dz +n(t)

s(t) T ‘y(t).
h(t 7)

Discrete representation
y(nAt) =" hs(nAt —1A7) + n(nAt)
I
Frequency domain

Y(f)=h(F)S(f)+A(f)

Uncertainty theorem

§(KAT) = h (KAT )3 (KAF ) + 71 (KAF) AF:%t Af= Yo

Frequency Selective Fading

Impulse response

Two-path model

Y1) = hys(t) + hs(t— A7) +n(t) . [ [
E 0.5]
Impulse response —
AT
h(z) = hy6(z) + hd(r — A7) o L —

Delay [Ts]

Frequency response
Frequency response
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h(f)=h, +h exp(- j2AA7)
Condition for narrow band signal .
[ Bandwidth AF << }/AT } o 1/0AT 1

Frequency Spectrum

Received signal Transmit signal

y(t) = j h(zr)s(t—z)dz +n(t) |

v AF> 3L

Auto correlation IS

R.(1) =E[s ®)s(t+1)] i

Frequency response

Power spectrum of transmit signal
S, (f) :sz(r) exp(- j2Afz)dr
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Power spectrum of received signal

o

s,(f)=[(f ) s.(f) .
h(f)= [h(t)exp(~ j2ft)dt

Power [48]

Distortion in
power spectrum

Time Dispersive Fading &
Inter Symbol Interference (I1SI)

Two-path model AT,
y(t) =Y h(A7)s(t—Az)+n(t)
=hys(t) + hs(t—AT,) +n(t)

|-
1
it Az =AT, m_l_l

Signal to Interference & Noise Ratio (SINR)

L
h[*P+c? ‘hl‘z+o%

Py :%erfc(\/Z) for BPSK

0 15 20
SNR [dB]




Channel Capacity

Two-path model
y(t) =hys(t) + hs(t—Az)+n(t)
Transmit signal with pulse shaping Average channel capacity

=== leal nosse

s() =Y. s,9(t-iT,) o e

Receive SINR

_ |hg©@+hg-an)P
> |hg(iT, -A7)’P +o?

i=0
Channel capacity

1
Cc= Blogz(1+}/|)~_|_*|092(1+7|)
o?=BN, :

1 3
Bandwidth [MHz]

wit buter Syl Interference |

’  Ar=ips]

2. Features of OFDM

10

Multicarrier Modulation

Principle of Multicarrier Modulation (1)

B Multicarrier modulation divides high-speed data stream into

multiples substreams to be transmitted over different orthogonal
subchannels centered at different subcarrier frequencies

¢ Let R and B be the data rate and bandwidth of high-speed data
stream (wideband) signal
« Coherence bandwidth for the channel is assumed to be B, <B
= The wideband signal experiences multi-path fading, i.e.,
frequency-selective fading
« Multicarrier modulation divides wideband signal into N linearly
modulated subchannels in parallel
- Subchannel bandwidth: By =B /N
- Datarate: Ry ~R/N
« Symbol time (symbol duration) is much longer than the delay
spread of the channel & subchannel experiences little ISl (inter-
symbol interference) degradation
-By<<B, 2 T, ~1/By >>1/B, ~T, (T, is delay spread of the
channel)
¢ Subchannel bandwidth is narrower than coherence bandwidth,
i.e.,By=B/N<<B, = eachsubchannel experiences flat fadinq1

B Symbol time after serial-to-parallel (S/P) conversion
becomes N times longer compared to original symbol time

Original data stream
to be transmitted

H#T#H6 #4#3 #1

Iy

T
#5 #2

Bandwidth of original
wideband signal

N

————

2IT

S/P conversion

Multiplication
of subcarier

(1:N)
#5 #1 f,
——
1
#6 #2 f,
— ®
| E—
#7 #3 fs—
 — —

#8 #4 f,
= 'y
e
NT  Bandwidth of
multicarrier signal

Bandwidth of each

subchannel £, f, f5 1,
FANENAAAA
2/(NT) 2IT 0 12




Principle of Multicarrier Modulation (2)

Subchannel signal in time B Multicarrier signal in time domain

domain after multiplied with = Increasing fluctuation in

subcarrier frequency amplitude which leads to large
peak-to-average power ration
(PAPR)

‘
€ Multiplexing for subchannels 2
Multicarrier signal

13 13

Robustness for Multipath Fading
(Time Domain)

Multicarrier signal Wideband signal-carrier signal

(for instance 4 subchannels)

+—— Symbol time

>a7 Symbol time
. >T
Time Time
Path #2
: Path #2
Path #1 \(delay time: 9 Path #1,/ (delay time: 7)
T e [ OO0 OO0
0 O o

\@/ \9/

:ﬁ o _D%DﬂT

B Symbol time becomes 4 times longer
compared to that for original single- B Relative delay time for symbol
carrier signal ) ) time increases according to
=> Relative delay time for symbol time the increasing data rate

decreases = Increasing ISI
=» Decreasing influence of ISI (4T >> 1) 9 14

Robustness for Multipath Fading
(Frequency Domain)

® Wideband signal-carrier signal

® Multicarrier signal
(for instance 4 subchannels)
Channel response in
f 3 Frequency-selective f
fading

\/\/ Each subchannel

—_— f experiences flat fading

manale

« Decoding error occurs in subchannel with low
received SNR (or received signal level)

« But, transmitted bits are successfully
decoded

= Erroneously decoded bits are corrected bg
FEC (channel coding).

A

Distortion occurs due
to inter-symbol
interference (ISI)

Frequency Spectrum for OFDM
In-phase (1) m /\ [\
component
UTime U
omponem 0\ [ \ ()
U

U Time U Time
/

HATAN
Time U Time U U U Time

f, & basic frequency 3fo

fo = 1/T (T: symbol time)

- AALAA

fol 2f:0 3:f0 Frequency
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3. OFDM Transmitter and
Receiver Structures

Outline of OFDM Transmitter and Receiver

mty m(f)  S(f t)

y(m&{) m(f) M)
—- Mod. +IFFT/J FFT +»Demod.-/»—»
;\J h(z)

{47

Generation of OFDM signal De-muliplexing of OFDM signal
* Block transmission system using S/P & P/S converter
» Convert wide band signal to super position of narrow band

signals satisfying af <</

I BT )

Modulated signal OFDM transmit signal OFDM receive signal Demodulated signal

18
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Structure of OFDM Transmitter
; ) ) N-parallel N subcarriers
| Transmitted bit  Randomization for symbols Baseband |
i sequence bust errors OFDM signial
Channel Modulation ) \ = Gl
O encoder [~]Mterieaver~ mapping | |conversion E ﬂ || insertion O§
i * Convolutional code * QPSK ! Append cyclic i
i * Turbo code + 16QAM prefix (CP)
i » LDPC code etc. * 64QAM etc.
« Information bit is channel-encoded using turbo code or LDPC code etc.
« Coded bit sequence is bit-interleaved to randomize burst error.
« Bit sequence after bit-interleaving is mapped to constellation point
according to modulation scheme including QPSK, 16QAM, 64QAM etc.
* Modulated symbol sequence is serial-to-parallel-converted to N-parallel
symbol sequences.
* N-parallel data symbols are fed into IFFT to generate OFDM signal.
« Finally, cyclic prefix is appended at the beginning of each FFT block to
avoid inter-symbol interference.
19

Structure of OFDM Receiver

| N subcarriers N-parallel
‘Baseband ymbols

{OFDM signal Recovered bit
O—| Removal o . De- :
— 7 | PIS L 4Demodulation|—. 4 Decoder [— !
of CP Il [leonversion interleaver :
i
! Coherent MAP
detection decoder

« After removing Cyclic prefix (CP), OFDM signal is converted into the N-
parallel symbols by FFT.

« Parallel symbols are converted into serial symbol sequence.

« In general, channel response at each subcarrier position is estimated
using reference signal (or pilot signal). Then, coherent detection is
performed using the estimated channel response.

« In general, log-likelihood ratio (LLR) of each bit is computed.

¢« ThelLLRis fed into channel decoder

« At the last iteration of channel decoder, LLR is hard-decided to recover

transmitted bits. 2




OFDM Modulation

5(f)

y(f) s(f)

s(t) y(t)
AN
a .FFTJQY; . nr.nnnn

h(z)

O OoJotad

OFDM modulation

_ Number of subcarriers

1 @ .
s(t)fﬁgs(km‘)exp( ]272@)

xt) =

/N IV
2 ANAS

Subcarrier interval
0<t<AT = %f
OFDM parameters X (f) j E af
Subcarrier interval Bandwidth
Af <<V AF = KAf

Sampling period

OFDM symbol period

Ats%F AT:}/M

Af

OFDM Demodulation

m(f)

Receive signal y@)  y(f) §(f)
t) = | h(z)s(t—7z)dt +n(t Coherent] , | Digital

ye) '[ (F)s(t=r)dt+n() FFT (7~ detect. 7 demod. s

OFDM demodulation _
e nk y(n)
y(k) = n)exp| — j2r—
y(k) mgy() D[Jer) m h‘"
=hK)3(K) +F(K)

Frequency Domain Equalizer (FDE) @

S0 LT0)/ N s m ""

h(k
Coherent detection

in frequency domain
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Frequency Spectrum for OFDM Signal

OFDM signal
L Kil k) exp(j27kaft)
s(t S(k)exp(j2
(t) K & (k)exp(j

Auto correlation
R,(r) =E[s"(t)s(t +7)]
:ii 1—H exp( j27kAfr)
K T

k=0

Auto correlation function
Power spectrum of rectangular pulse

s.(f) :%gsincz(T(f —nAf))

n=0

LA

NI

LR

-5

-10

Power [dB]
S >

=
—

—

>

4. DFT
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Definition of DFT

B DFT (Discrete Fourier Transform)
e Letf(k) (kK=0,1, ..., N-1) denote a discrete time sequence, N-point
DFT of f(k) is defined as

| DFT[f(k)]:F(n):%::f[k]w,b" (n=0,1,,....N -1)

v" N denotes the number of samples in one symbol duration and that
of subcarriers. In DFT, N takes ant integer.

v" F(n) characterized the frequency component of the time samples
f(k) associated with the original signal f(t)

Definition of IDFT

B IDFT (Inverse Discrete Fourier Transform)
* The sequence f(k) is recovered from its DFT F(n) using inverse
DFT (IDFT) as

v" Nindicates the number of samples over one symbol time and that
of subcarriers.

v f(k) is called as inverse discrete Fourier transform (IDFT) of F(n)

v" In OFDM, F(n) represents N parallel data symbols corresponds to
each subcarrier component. The frequency components are
converted into time samples by performing inverse DFT on these
N samples. 26
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DFT Operation in OFDM
Symbol time, T
One sample duration, t; = T/N
B Sample point over OFDM symbol in time domain
2 Multiply subcarrier to each subchannel IDFT (IFFT)
N-1 L P
X =xk-t)=3 X, N =3 X, W™ (k=04,..,N-1)
n=0 n=0
B Data symbol at each subcarrier after removing DFT (FFT)
subcarrier signal
1 N-1 LN
Xp=— 3 X - == 3 X W" (n=01..N-1)
N k=0 NygZo =~ e

.27
wowl )

Twiddle Factor, Wy

« Twiddle factor Wy denotes points which are divided into N equal
phases for a unit circle in the complex plane.

Twiddle factor in case of N =8

Wy = exp(— JZW”]

28




Subcarrier Component in OFDM Signal

5. Generation of Baseband
OFDM Signal

29

Let f, be a basic subcarrier frequency, i.e., lowest subcarrier frequency
which corresponds to subcarrier spacing.
Then, OFDM signal comprises multicarrier signals.
- Symbol time of T = 1/f,
- Subcarrier frequency of n x f,
OFDM signal over one symbol is represented as

where a, and b, are in-phase and quadrature components of complex
envelop of data symbol

OFDM symbol length is fromt=0tot=T.

One OFDM symbol duration contains Cosine wave with n cycles
Amplitude and phase components at n-th subcarrier component varies
according to complex envelop, a, and b,

Symbol time, T, which contains N cycle Cosine yave

ARAARE  ARAAAD
VUV VUV

Generation of Baseband OFDM Signal (1)

Generation of Baseband OFDM Signal (2)

Let sg(t) be the summation of N subcarrier components of OFDM
signal in which n indicates subcarrier index.

sg(t) is called baseband OFDM signal which is given as

Sg(t)= NZﬁl{an -cos(2/mfyt) b, -sin(2znf,t )}
n=0

sg(t) is multicarrier signal which add N modulated symbols with
different subcarriers.

fo is subcarrier spacing (or subcarrier separation).

Parameters, a, and b, are the in-phase and quadrature
components of complex envelope of data modulation at the n-th
subcarrier

One OFDM symbol duration contains N sets of data symbols.

31

B Details of baseband OFDM signal

n=0 . su(t)comprises

— multicarrier
signals

n=2 e+ Basicsubcarrier

frequency f,

n=3 repeats n cycles
n=4 at the n-th
subcarrier
AN /\\//'\\/ n=5
n==6
A N A n=7
SN n=8
ARV AR WAL WAL VA VA v/

2 2




Generation of Baseband OFDM Signal (3)

» Baseband OFDM signal sg(t) is represented as
N-1

Sg(t)= X {a, -cos(2anfyt)-b, -sin(22nfyt)}

* We express the above equation in complex notation as
N-1 .
SB(t):Re[Z dn~e12”"f“‘}
n=0

d, is complex envelope of data symbol which modulates n-th
subcarrier »d,=a, +jx b,

* We define u(t) as in the next equation.

U(t): Nild n'ejzmﬁat
n=0

* sg(t) is real part of u(t).
= sg(t) is generated from u(t).

33 33

Generation of Baseband OFDM Signal (4)

* We consider sampled value of u(t) with the sampling interval of
1/(Nfy).

» When sampling is performed over one symbol duration, T= 1/f,, N
sampled values are computed as

k Nz—ld jszuNLfo
ul— |= €
Nfo n=0 "

2 nk
N-1 ==

= dn.[e N ] (k =012,....,N _1)
n=0

* N sampled values in u(t) are generated by performing inverse DFT
(IDFT) for N complex data symbols, d,,.

» Note that only the frequency component f; is necessary to generate
multicarrier signal.

34

Example of Baseband OFDM Signal Generation (1)

35

Example of Baseband OFDM Signal Generation (2)

Nifo n=0

u[&]—zu k=0) . u[ 2 }:Nz’ldn{e"%]" (k=2)

36




De-multiplexing of Baseband OFDM Signal (1)

6. De-multiplexing of Baseband
OFDM Signal

37

* De-multiplex (or demodulate) data symbols from complex
baseband OFDM signal u(t) which is given as

u(t):'\lz_ldn-ejz”nfot
n=0

» Sampled signal for u(t) with the sampling interval of 1/(Nf,) over
one OFDM symbol duration is given as

-2k
u[LJ = Nz:ld n.eJ N

N 27 nk
- dn{eJN] (k=012,...,N -1)

» Sinceu(k/Nfy) (k=0,1,2,...,N-1)is IDFT for data symbol d,, (n =0,
1, 2,...,N-1) = de-multiplex (or demodulate) complex data symbol

d, by performing DFT to u(k/Nf).
g 38

De-multiplexing of Baseband OFDM Signal (2)

» De-multiplex data symbol d, from OFDM signal by performing DFT
to u(k/Nfy) as

N-1 _jal
dl =i Z u L .e ) N
N o (Nfg )~

N-1 AN
AN e (=002, N 1)
N k=0 { Nfy ).
Coefficient of DFT using W

39

7. FFT

40

10



Matrix Notation of DFT

Fk)= Nz_lf WX (k=01,,..,N 1)
n=0

EMatrix notation of N-point DFT when N =8
[FO] (w® wo wo wo w0 wo wo w0 |[f(0)]
FOI |wo wr w2 wd w* ws wb wi||f@
F@| [wo w2 w* wb w8 w0 wi2 w4 f(@2)
FE)|_[wo w3 wé w® w2 wis wid w2l | @)
F@O[TTw0 wd w8 wi2 wib w2 w2 w28 || ()
FG)| (w0 w5 wi® wis w20 w2 w30 35| |1
FE)| w0 wé wi2 wiB w24 w30 w3 42| 1)
LFM] (wo w7 w w2l w2 w3 w2 w9 [ £(7)]

« For N-point DFT, N2 times complex multiplications and N(N-1)
times complex additions are necessary for DFT processing =
Huge computational complexity when N is large! a1 4

FFT Processing (Only Result)

@ FFT processing

FFT Algorithm

B FFT algorithm

« FFT algorithm contains (N/2) sets of butterfly operations by the
(log,N) stages

* Most of computations in FFT are butterfly operations without
complex multiplications =» significant decrease in computational
complexity

* Resultant number of complex multiplications become as
(log,N-1)x(N/2).

= Number of complex multiplications is decreased to approximately
1/220 for N = 1024.

43

Number of
complex
FO]ft 1 00000 o0]fto o o o0 o o] multiplicationsis
F@) |1t -10 0000 o001 0 0 00 0 0| decreasedto8 (64
F@|lo 0o 1100 0o0|loowd 0o 00 0o o for DFT)
F@)| [0 0 1 -10 0 0 0|loo o w2oo o o
FQ){jo 0 o 0o 1 1 00fjo0 0 0 10 0 0
F()[ /0 0 001 -100[[00 0 0 01 0 0
F@)|[o 0 o 0o 01 1/joo 0o o oowd o
F(7) o 0 0 0o 0 0o 1-10o0 0o o0 00 o0 w?
101 0000 0J]ft0o00 0 0 0 oO0]J[t000 1 0 0 O7Jf()
01 000 O([0100 0 O O O0f(0100O0 1 0 O0f°f@)
10-10 000 O[l0010 0 0 0 O0([0010 0 0 1 0ff()
X010—10000_000100000_00010001f(3)
000 0101 O|lOOOOW’ 0 0O O0([21000-10 0 0ff@)
000 0010 1/loooo o wl o oflo1o00 0 -1 0 oft@)
000 010-10/[0000 0 0 W2 o0flo0o100 0 -1 0]f()
000 0010 -10o0o00o 0o o o w3looo1o0 o o -1f7)
42
8. Cyclic Prefix
44
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ISl and ICI in Time Dispersive Channel

Matrix Representation

¢ Inland mobile communications, multipath fading occurs which
brings about time dispersive channel
¢ ISl (Inter-Symbol Interference):
- Inradio access system using OFDM, multiple OFDM symbol
are transmitted in a series = time dispersive channel causes
ISI between successive OFDM symbols
¢ ICl (Inter-Carrier Interference):
- Time dispersive channel destroys orthogonality between
subcarriers = causes ICI

OFDM symbol
Path #1 [ | ]
Path #2 [ N ]
Path #3 | | ]
=) K=

« Discontinuous subcarrier
component when ISl occurs =
orthogonality between
subcarriers is destroyed (ICI¥5

OFDM modulation

S F's F y
Transmit signal block j q YLy. y
5=[5 § - S.f - IFFT FFT [
S:[SO S sN—l]T
s S S

— | —
Guard interval AG

™ Inverse DFT
Convolution in matrix form

Insertion of Guard Interval

If AG > AT,
L-path model e
_ Yo hh 0 - 0 O0f s, n,
h_[hu hl hLil 0 O]T Vi hy hy - 0 0 S; n
Received signal block N I A A A
_[ ]T Yn-2 hL—l hl hu 0 Sn-2 M-z
Y=o Yoo Yna Yna 0 hy - h hfsy, M
46
Cyclic Prefix

« In time dispersive channel due to multipath fading, guard interval
(Gl) is inserted at the beginning of each OFDM symbol

« Insertion of a silent guard period between successive OFDM
symbols (i.e., zero padding) would avoid ISI, but does not avoid
the destruction of subcarrier orthogonality.

e Cyclic prefix (CP) is used in Gl

- CP preserves the orthognality of subcarriers and prevents
ISI between successive OFDM symbols =» very simple 1-
tap equalizer (i.e., conventional coherent detection) is

applicable
Gl CP oFpM symbol
Path #1 | |
Path #2 | L |
Path #3 | i |
|:{>: F:I
No IS and ICI 4

B Guard interval is inserted that contains a cyclic extension of the
OFDM symbol

=>continuity of each subcarrier signal is maintained as long as
length of channel response (maximum delay time of paths) is
less than CP length

Cyclic prefix

® The use of a cyclic prefix in the
transmitted signal has the
disadvantage of requiring more
signal energy.

® The loss in transmit energy due

\/\J \/V V \/\J time to CPE::r:%I]rI/S(NT+A)

i GI | OFDM symbol
@) (NT) 4 48
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Effect of Cyclic Prefix

Signal power at
FFT output

Gl FFT window
Power

e

Time f, Frequency
Power i i
® Delayed path m“-_\Dlstortlon

beyond GI | { \
\/ Time T
T fi Frequency

Power
® Delayed path /\
within G 4 _/
Time

Distortion = ICI

Subcarrier frequency does not change fi Frequency
(only the phase is shifted) = does not
cause ICI

49

Cyclic Prefix

Block transmission Cyclic prefix

0 K-1 0 K-1 0 K-1 0 K-1

Ms 7 [ s 7] S S P S 1 S A

—
Guard interval
Cyclic prefix
Matrix representation of received signal block

Cyclic shift matrix

hy, 0 h, - hTs

Sy Yo
h, : s,

Yo hh 0 - 0 0
A b h 0 0] s A hooh e he
o=l H : §> : : : Poh |
- Yn-2 hoy = b hy 0 |sy,

hl ha SN*I

Psudo-periodical transmission

9. OFDM Performance

51

50
OFDM Transmission
Diagonalization of cyclic shift matrix
Cyclic shift matrix 3 1 g y F y
hy 0 h o h } H T
L L FU -+ IFFT FFT [
A=| ¢ & " ¢ h,
hey hh 0
hoy e by
OFDM transmission Interesting feature of cyclic shift matrix
y=Hs+n h, 0 0
y=FHs+n=FHF'S+h e S o
=FAFS +7 0 0 B,
=diag[h]s +n Frequency response
h=Fh

K-parallel transmission
52
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BER Performance

Channel Capacity

SNR per subcarrier y(kaf)
PR

Ve = %( o2

PDF of SNR for each subcarrier
1
f(r)= ,—exp[—@j f
Yk

7k Average BER performance
Average BER for each subcarrier E=z=====

Pa (%) = [ f (7P (r)d7,

Overall average BER

— K1
Peb(?) :szeg(yk)
k=0

Bit Error Rate

s ()
Average SNR [dB]

OFDM signal model

’yk = ﬁk’s‘k + ﬁk, k=1---,K Average channel capacity

=== ldeal nosse

SNR for each subcarrier ..:':I e
P/ |2 2 :
S LU Y
2 2
(o2 o
K
Channel capacity
K-1 ’
C=>af log,(1+7,) o SNR = 20dB @ 100kHz |
k=0 : i
) Bandwadih [MHz] i
o°=BN,
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Summary

* In wideband signal

Time dispersive fading causes inter-symbol interference
Frequency selective fading causes distortion in power spectrum
OFDM converts wide band signal to multiple narrow band signals
— IFFT, FFT, and cyclic prefix creates parallel orthogonal channels
— Problem of Rayleigh fading still remains even by using OFDM

i

Some measure for Rayleigh fading

[ Array signal processing

55
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