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Course Schedule (2)

Date Text Contents

#9 July 10 4.6 Error correction coding
#10 | July 13 Adaptive modulation coding

July 17 No class
#11 |July20 (4.3 Inter symbol interference and adaptive equalizer
#12 |July 24 |3.6,4.5 | Spread spectrum and code division multiple access

(CDMA)

#13 |July 27 | 3.5 Orthogonal frequency division multiplexing (OFDM)
#14 | July 31 Collaborative exercise for better understanding 2
#15 |Aug 7 All Final examination @ S421
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From Previous Lecture

B Throughput against modulation order

SNR Table for AMC
L .
P (%M )=10gzM (1—Peb(V)) o — 5150 throuput fn AWON
E 64QAM
B Adaptive modulation éi |
M =argmA?XTP(y,M) : | /
B Throughput performance of AMC SNR per antenna [dB]

TP(P) =[] fITP(r2)y +---+ [ [ (TP(r64)y
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Contents

* Delay spread & inter symbol interference

 Classification of equalizer
— Time domain equalizer (ZF)
— Frequency domain equalizer (FDE)
— Maximum likelihood sequence estimation (MLSE)

e Demonstration
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Multi-path Channel with Delay Spread

Multi-path channel with delay spread

Convolution with channel coefficients

s(tk)  s(k-1) s(k-2)

-1 -1
VA Z

h, h h,

Receive signal model -
Channel coefficient ‘ Z: ,

x(t) = f h(t)s(t —7)d7 +n(?)

x(k) = i hs(k i)+ n(k)
i=0 \

Convolution between transmit signal & channel response
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Delay Spread & Frequency Response

Impulse response Frequency response
h(T) = hyd(T) + hy,0(T - A7) H(f) = hy + hy, exp(- j27/AT)
Impulse response - Frequency response
1.5 T : : T 10 : T :
1t ¢ 0 ] 10° ¢
;;_ 05 q:;:m";
z T
0 10’2;
AT ‘ I/AT
% i 2 3 4 5 10 ~05 0 05 i
Delay [Ts] U Normalized frequency
[ B> y : Wide-band B << y :Narrow-band }
AT AT

July 20, 2017 Wireless Communication Engineering



Inter Symbol Interference (ISI)

2-path model Constellatlgnp gf QPSK

x(t) = h(0)s(t) + h(T)s(t - T) + n(t)

L ]
1F

0.5F

. -
-15 -1 -05 0 05 1 1.5
In—Phase

BER performance

—tC:O

10 \ —UC=014
Signal to Interference plus Noise f — =05}

Ratio (SINR) & =|n@)’ /o)
\h(O)\

‘h(r)‘ P+0°

Interference signal power o , , , ,
0 5 10 15 20 25 30
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Classification of Equalizer

{

v /Ny A0 t

s(t) | Pulse ~_/ Matched | X(?) . y(?)
— shaping | fiter [ Equalizer—
)
Algorithm Main features

Zero Forcing (ZF) Inverse frequency response

Linear Minimum Mean Square Error (MMSE) lterative algorithm (LMS)

Frequency Domain Equalizer (FDE)

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

(1) w'
DHESRFIpentl
h(t)
Time domain Frequency (Z) domain
x(k) = i hs(k—1)+ n(k) Y(z)= i y(k)z ", z=¢e"""
y(k) = i w, x(k —1i) Y(2)=W (2)H(2)S(2)+ W (2)N(2)
i —
=W @h®s+w @n W (z)= %—](z) Channel inversion
S e B

|
hy+hz ' +hz” +--
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Channel inversion requires IIR filter



Transversal Filter (FIR Filter)

Convolution Matrix

Transversal (FIR) filter

N
y(k) =Y w x(k-1) y(=2)] [x(0) x(-1) x(-2) x(-3)
l-;v y=D |x@  x(0) x(=1) x(-2)
y(0) [=]x2) x(1) x(0) x(=1
Z transformation y() x(3) x(2)  x()  x(0)
| v(2) | [x(4) x(B)  x(2)  x(1)
Wi ()=w,+w, z +- o .
(2) 2 2 y = Xw
™ Cyclic shift matrix
x(k+2) x(k+1)  x(k) x(k-1) x(k-2)
z7 z! z z!
wfz ><> w: wg wl* w;
- y(k)

Tap coefficient
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Linear FIR Equalizer (ZF)

n k
W
S A X1t | y
g~ , rar;_Ttversa
ilter
h
Time domain Matrix domain
xX=h®s+n X=Sh+n
y=w h®s+w ®n y =SHw +Nw'
e
ZF linear equalizer -
wo | [n 0o o o o1, FOrcing zeros
W, h h, O 0 0 9
* py-1
W=HeO wo |=| by B B, 0 0O | [(1) |
wo | | ko ohoR 0O e Desired output
WZ h4 h3 h2 hl ho L .
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Power

Performance of ZF Equalizer

Frequency response BER performance
10' ¢ : : : 3 10° : : :
f ] : — Without ZF |
I ] 10—1 ! — With ZF
f ] 8
- R\
_1 |-
10 3 e
g o
. +
I m
102
: Fading
—— Equalizer |
sl Overall ||
10 r I T 10 I L L L I
-1 -0.5 0 0.5 1 0 5 10 15 20 25 30
Normalized frequency SNR [dB]
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Frequency Domain Equalizer (FDE)

P
ol

S

v/ v I F hd F-
N4

X y
4.@_. FFT —| FDE [—{ IFFT —

Frame transmission with guard interval

h

S S
S ]T I I
L-1

“—>

S=[ Sy S
Guard interval

Fourier transformation matrix

0 ) F - DFT matrix
5=Fs, F, =—exp(-j—”kl)

JL L

F'=F? :IDFT matrix
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Frequency Domain Equalizer (FDE)

v/\ V4

h

Time domain

xX=h®s+n
x =Hs+n
Frequency domain equalizer
h, O
hes§= d1ag(f1)§= 0 -
0O O
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1 F W F
X X
FFT * FDE > IFFT
Frequency domain
X = Fx = FHs + Fn
" Convolution
FHs =FheFs=he3§
N
—_— Hadamard product
0 5 hy 0 0
0) W=| 0
l:lL_l S1 0O O EL_I



Frequency Domain Equalizer (FDE)

n F W F!

v/ v
| <

S

FFT —{ FDE —| IFFT

¢
-

h
Frequency domain receive signal

X=Fx=FHs+Fn=he*S$+n

Frequency domain ZF equalizer
- 1-1

hy 0 0
W=l 0 -~ 0
0 0 h,,
Output of FDE % IS free

_ -1 _ -1~ -1 — '
y=F WFx=F s+F Wkn=s+n'___ Colored noise
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Frequency Domain Equallzer (FDE)

\%%
S Y /\ Y 1 X X X \
= 4.@_. FFT FDE IFFT —

h

v
v

Transmit spectrum Recelve spectrum Equalized spectrum
10 l l l 10 e Recelved signal 10 j j N
of ] 0 —_Noise 0 —f/ITVISE
_-10 = -10 _-10
E -20 2 -20 % -20
£ -30 ¢ -30 A A E: -30
-40 —40 / \ -40
~50; Z05 0 05 1 -0 -05 0 05 1 -50; 05 0 05 1
Frequency Frequency Frequency
Channel response FDE response Noise spectrum (ZF, MMSE)
10 T T T 30 —— 30 v n
0 20r —ﬁlFMSE Il
10f
-10
T T 0 T
T;, -20 % ~10 o
2 0 £ 20 5
-30
-40
a0l
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July 20, 2017°"™ Wireless CommUifit&4tion Engineering Frequenoy



Maximum Likelihood Estimation

Receive signal s(tk)  s(k-1) s(k-2)
x(k) = Y sk = i)+ n(k) z” z”
i=0
Likelihood function Symbol candidate fo (X) hy
2 / 2 x(k)
J(k) = |x(k)= Y 13 (k= i) Q)
=0 \ Q :
Replica signal ¥
Maximum likelihood estimation o~ h
0
50k, 8(k =1),3(k - 2) = in Jk }?
s(k),s(k =1),5(k -2) arg . .in ( )' cen e,
I
Complexity O o *
o o

Modulation order M

M " search problem
Number of taps L
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Maximum Likelihood
Sequence Estimation (MLSE)

Receive szignal 3-path model
x(k) = 3 sk =)+ n(k) L
1=0 | ho hl h2 "

Branch metric

Trellis diagram in the case of BPSK
B, (k) =x(k)—hy —h —h, A=(—1 _1) B=(1 _1)

By (k) = x(k) = hy ~ b+ h, c=(-11) D=( 1)
Path metric 1 - > :
P,.(k)=P (k-1)+B,, (k)
Py (k) =Py (k-1)+ B, (k)
Survived path
P, (k) = min| P, (k), Py ()]
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Summary

B Multi-path channel with delay spread sty s(k=1) s(k-2)

-1 -1

x(k) = 2 hys(k —i) +n(k) z z
) (X)) h (<)

B Linear equalizer (ZF, MMSE)

vk = 3 wiak i)

~~/

ZF: w =H'e, MMSE: w=R’'h
B Frequency domain equalizer (FDE)

y = F'"WFx W=diag[ 1/h, 1/h - 1/EN_1]

x(k)

B Maximum likelihood sequence estimation (MLSE)
x(k) - 2 hs (k —1)
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Modulator+ Training sequence

E]commeqeml x

IrE REE FTW YE:L-vavE FROQ YO ANTH

Demo

EEX

Equalized signal

QAM

)

Rectangular |«

Demodulator

LT

[]

User

Equalizer
weights

v
Gnstellation

Select
Payload

DeE& & B b o= & & BEE®
Communications Link with Adaptive Equalization
Equalizer algorithm implemented in Embedded MATLAB Function
- e curant frdss must be watesble,
Training seq TX _L'—MI’WL
Rectangular
=l B
Random :
Integer
Data source
Select 2 .
TXErrorRate - BER Fading Raylelgh f:
Calculation Lt num. errors
>R um, bits e with delay

Gain controlled
RX constellation

Select
Payload
Unequalized

RX constellation

symbols  rxsig

train

weights

Equalizer

weigh\s train
Embedded MATLAB
Function
]

rxsig f

gaincontrol

LMS equalizer

100%

Training seq RX

FixedStepDiscrete

ading
spread
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Before equalizer

F7AIE) Ef{Axes)(A) Channels D FOWM) ~AJLFH) ~

Gain Controlled Received Constellation

Elcommegem! * EEX
IHAME REE FTW Yul-vv@ BRQ Y-AD AIH
ST Sl T T errlo
[Communications Link with Adaptive Equalization |
qualizer algorithm i in MATLAB F
i mode s e i e cst s,
o et tie o e
-]
L4
e [ 221 | nom. e i raana
3 . v e 2
Ermra 2 o5
wn ele E‘ .
: £ *
<<
o s 0 .
[
e —| 5‘;:! S Tezymbols %
e 5
= g 05
= C
S -1 *
V3o 1008 FixedStepDiscr -15
-15 -1
[ap coefficients equalizer

74 ILE Bh{Axes){d Channels M Fr0L AJLFH ~

2
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1
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Amplitude
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-
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Equalized Received Constellation

15 +
-t o s
‘:f R ::f.
1 +
* “" ™ :‘
. ¢ &

05 * +

Quadrature Amplitude
o

-05 o
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-15 R
= 0 1

Ih-phase Amplitude
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Linear Equalizer ( MMSE)

Mean Square Error (MSE) of symbol

x(k+2) _x(k+1)

x(k)  x(k-1) x(k-2)

1

§(k) = E w'x(k —i) = w'x

l=—w

J =Elle(k)| 1= Ells(k) - 5(k)| ]
= E[w"xx"w-2Re[w"xs (k)] + ‘S(k)‘z]

=w'R w-2PRe[w"h]+P

R, =E[xx"] Ph = E[xs (k)]
AN
Covariance matrix Channel estimation
MMSE equalizer

iJ =2R w-2Ph=0
0w

_ -1
w=PR h—_ Winner filter

z" z z z
w, W, W, w, W,
y(k)

@rivation of complex ma&

dJa Ja . Jda
ow  dw, W,

inh =2h
oW

0

—w'Rw=2R w

N /
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Least Mean Square (LMS)

Derivative of MSE

9 J=2R w-2h lterative optimization

o =2E[X(XHW—S*(IC))] J |
- -2B[xe (k)]

With optimal weight ‘

E[x*e(k)] =0 W
lterative MMSE Optimization (LMS)

w(k+1)=w(k)- /«‘% Without calculation of

_/ covariance matrix and channel vector

= w(k) - ex(k +1)e (k)
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FDE (MMSE)

n F W F~
AN A y
N 4.@_. FFT —| FDE (—{ IFFT [—

h

el
ol

Frequency domain receive signal
Xx=Fx=FHs+Fn=he*§+h

~ ~ o~ ~ r L N T
h=Fh-= [ho b hL—l] S=FS=[ S0 S SL—]]
ZF equalizer MMSE equalizer
T ~ o~ ~ o~
o IR T/ R [ IR — %
Pif+o0 Pl [+o
Output of FDE

y =F'"WFx W = diag[ w]
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