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Date	
 Text	
 Contents	


#9	
 July 9	
 4.6 Error correction coding	


June 12	
 No class	


#10	
 July 19	
 Adaptive modulation coding	


#11	
 July 23	
 4.3	
 Inter symbol interference and adaptive equalizer	


#12	
 July 26	
 3.5 Orthogonal frequency division multiplexing (OFDM)	


#13	
 July 30	
 Array signal processing and MIMO communications	


#14	
 Aug 2	
 Collaborative exercise for better understanding 2	


#15	
 TBD	
 All Final examination	




From Previous Lecture	
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n  Throughput against modulation order	


n  Adaptive modulation	


n  Throughput performance of AMC	


TP γ,M( ) = log2M 1− peb γ( )( )
L

M̂ = argmax
M
TP γ,M( )
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SNR Table for AMC	
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Contents	


•  Delay spread & inter symbol interference	


•  Classification of equalizer	

– Time domain equalizer (ＺＦ) 
– Frequency domain equalizer (FDE)	


•  Demonstration	
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Multi-path Channel with Delay Spread	


Multi-path channel with delay spread	


Receive signal model	
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Convolution between transmit signal & channel response	
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Channel coefficient	


Convolution with channel coefficients	
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Delay Spread & Frequency Response	


-1 -0.5 0 0.5 1
10

-3

10
-2

10
-1

10
0

10
1

Normalized frequency

P
o
w

e
r

Frequency response	


τΔ1
0 1 2 3 4 5

-0.5

0

0.5

1

1.5

Delay [Ts]

A
m

pl
it
u
de

Impulse response	


τΔ

Impulse response	
 Frequency response	


τΔ> 1B

)()()( 0 ττδτδτ τ Δ−+= Δhhh ( )τπτ Δ−+= Δ fjhhfH 2exp)( 0

：Wide-band	
 τΔ<< 1B ：Narrow-band	


6 



July 203 2018 Wireless Communication Engineering 

Inter Symbol Interference (ISI)	

2-path model	


)()()()()0()( tntshtshtx +−+= ττ

Constellation of QPSK	


BER performance	


Signal to Interference plus Noise 
Ratio (ＳＩＮＲ)	
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Classification of Equalizer	


Pulse 
shaping	


)(ts )(tyMatched 
filter	
 Equalizer	


)(tn

)(τh

)(tx

Algorithm	
 Main features	


Linear	

Zero Forcing (ＺＦ)	


Minimum Mean Square Error  (ＭＭＳＥ)	

Frequency Domain Equalizer (FDE)	


Inverse frequency response 
Iterative algorithm (ＬＭＳ)	


Frame transmission	


Nonlinear	

Decision Feedback Equalizer (ＤＦＥ)	


Maximum Likelihood Sequence 
Estimation (ＭＬＳＥ)	


Infinite Impulse Response (ＩＩＲ)	

Viterbi algorithm	
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Time Domain Equalizer 
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y(k) = wi
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FIR filter	

s t( )
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h t( )

x t( ) y t( )

Time domain	
 Frequency (Z) domain	


Y (z) =W *(z)H (z)S(z)+W *(z)N(z)

Y (z) = y(k)z−k
k=−∞
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Channel inversion requires IIR filter	
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Transversal Filter (FIR Filter)	
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Convolution Matrix	


y =
!
Xw*

Cyclic shift matrix	


Z transformation	
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Linear FIR Equalizer (ZF) 
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Transversal 
filter	
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Frequency Domain Block Signal	


Block transmission	


s = s0 s1 ! sL−1"
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Frequency domain transmit signal	
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Convolution & Cyclic Prefix 
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Frequency Domain Convolution 
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F
!
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Hadamard product	


Time domain receive signal	
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Frequency Domain Equalizer (FDE)	


y = F−1WFx = F−1Wdiag !h( ) !s+F−1W !n = F−1!s+n ' = s+n '

s y
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Frequency domain ZF equalizer	


Output of FDE	
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Summary	


n  Frequency domain equalizer（FDE）	


n  Time domain equalizer（ZF）	


n  Multi-path channel with delay spread	


)()()(
0

knikshkx
i

i +−=∑
∞

=

∑
∞

−∞=

−=
i

i ikxwky )()( *

w* =
!
H−1e0

∑ ∑

1−z 1−z

2h1h0h

)(kx

)2( −ks)1( −ks)(ks

WFxFy 1−=

W = diag 1 !h0 1 !h1 ! 1 "hN−1
"
#$

%
&'

18 

y =
!
S
!
Hw* +

!
Nw*

Fx = F
!
Hcps = "h• "s



July 203 2018 Wireless Communication Engineering 

Demo	
Modulator＋Training sequence	


Demodulator	


LMS equalizer	


Rayleigh fading 
with delay spread	
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Demo	


Tap coefficients	

After 
equalizer	


Before equalizer	
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Linear Equalizer (ＭＭＳＥ)	
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Mean Square Error (MSE) of symbol	
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Winner filter	


Covariance matrix	
 Channel estimation	


Derivation of complex matrix 	


∑ ∑ ∑ ∑

1−z 1−z 1−z 1−z

*
0w *

1w
*
2w

*
1−w

*
2−w

)(ky

)(kx)1( +kx )1( −kx )2( −kx)2( +kx

wRwRw
w xx

H 2=
∂

∂

hhw
w

2=
∂

∂ H

QI w
j

ww ∂

∂
+

∂

∂
=

∂

∂ ααα

21 



July 203 2018 Wireless Communication Engineering 

Least Mean Square (LMS)	

Derivative of MSE	


= 2E x xHw− s*(k)( )"
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With optimal weight	


E x*e(k)!" #$= 0

Iterative MMSE Optimization (LMS)	
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Iterative optimization	
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Without calculation of  
covariance matrix and channel vector	
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FDE (MMSE)	
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ZF equalizer	


Output of FDE	
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Maximum Likelihood Estimation	

Receive signal	


Likelihood function	


x(k) = his(k − i)
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Symbol candidate	


Replica signal	

Maximum likelihood estimation	
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Complexity	


Modulation order	
M
Number of taps	
 L

LM search problem	
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Maximum Likelihood  
Sequence Estimation (ＭＬＳＥ)	
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A A A A 

B B B 

D D 

C C 

1 2 3 4

Receive signal	


Branch metric	


Survived path	
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