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Course Schedule (1)

Date Text Contents
#1 June 12 (1,7 Introduction to wireless communication systems
#2 June 15 | 2, 5, etc | Link budget design of wireless access
#3 June 19 Up/down conversion and equivalent baseband
system
#4 June 22 | 3.3, 3.4 | Digital modulation and pulse shaping
#5 | June 26 | 3.5 Demodulation and matched filter
#6 June 29 Collaborative exercise for better understanding 1
#7 July 3 3.5 Detection and error due to noise
#8 July 6 4.4 Channel fading and diversity combining
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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 |July 20 (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 | TBD All Final examination

July 6, 2017
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From Previous Lectures

B Channel estimation & coherent detection

e Sy 300 =)y = s+ k),

B Error rate of BPSK signal

1 Pl | 1
Do =Eerfc af =Eerfc(\/;)

B Error rate of QAM signal

Peo = 10g22 M (1 _ﬁ)erfc(\/ 2(1\3;-1) ]
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Narrow Band System
Time invariant narrow band system
Valt) = [ (@5, (1 =2)dT = fys, (1)
hy = Iy () = h(z,)e "

Time variant narrow band system Mobile communication
BS

hB — hB <d9 ¢s > ¢r > t) | \\/ﬂ &

d . Distance between Tx & Rx

¢ . Tx & Rx antenna angle

I%Bbile UE

{: Mobility of UE
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Gain of Propagation Channel

Gain of narrow band propagation channel

Gprop = ‘hB (d9 ¢s > ¢1‘ ? t)‘z
= Grant (¢r )Gfading (t )GShadOW (t )Gpl (d )Gsant (¢S )

/
Rx antenna gain

\
Tx antenna gain

Multi-path fading  Shadowing Pathloss
Narrow band propagation channel Distance vs. propagation loss
Pathloss I~
Tx antenna 4/\: Rx antenna -% Fading
\\ . ) 5
% I_, C% qé _-- Shadowing
» e © P
//// 7! £ ol
\/ G| Pathloss |
Shadowing Multi-path fading >

_ o o Distance
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Standing Wave & Fading

Multi-path propagation channel Multi-path fading
Superposition of

hB (t) = E hBi (t) mU'“-?ﬁE waves

\

/%/ UE mobility
3 vV, Q@

(1) =, (d)e—jmfofi(f) 3
AR o

Standing wave

Doppler shift (phase shift due to mobility)

Vi COS @,
T,(t) =7, + £
C
. 30,
hg, (1) = hpl(d )e /ol g
= 1o
<
f = vcoso, B
di A 20
0
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Multi-path channel

Rayleigh Fading

Multi-path fading
Superposition of
wulti-path waves

hule)= S (@l = x4

4 Central limit theorem N

Sum of independent random variables

- =
Gaussian distribution

N
Complex Gaussian distribution ,
| X
f(x) = ——=exp| - =
o, Oy,
1 x>+’
f(xa y) = 2 CXP| — 2
JTOy O,
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Probability of Fading

Cartesian to polar conversion / Jacobian \
2 2
Xty gx
f(x,y)= . (_ 52 ) dxdv = or 8¢d d
h h xdys= ay rde
X=rcos¢ y=rsing o I¢
2 =|detJ|drde
v
£, 9) = (e detd] = - ——2) - /
h Oy AN
Rayleigh distribution (amplitude & power) Uniform phase distribution
7 A
()= [ 1(r.9)dg = —exp(—;)
h " r= \@ > Rayleigh
1 1 distribution
f(@)==—/(r)= —2exp(— %)
2\/§ O Oy /
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Fading variation

Rayleigh Distribution

—

Probability distribution

o
w0

o
[es)
T

o
~J

— Amplitude
Power

= z
= Z o8
) T 05
3 ey
I~ = 04r
% 03
20t ~
0.2
25 0.1
% 10 s 20 % i 2 3 7 5 5
fd t Amplitude [linear] / Power [linear]
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Cumulative Distribution

Rayleigh distribution

1 g
f(g)= —zexp(——z) cbF
Oh Oh 10"
Cumulative probability distribution (CDF) g
= 10"
~ & g =
f(g)=| f(g)dg=1-expl-—= 2
»I(;g ()’ﬁ _‘i’ 102
Taylor expansion 5 2
: < 1 o, =1
- - 0, g Zn IO_’-B 2 ] )
f(p)=f(0)+gf(0)+7f (0)+-- " 10 power [dB] N
g g2 ‘ Power attenuation more than 20dB
= with probability 1/100

= + +
2
Oy 2(0'5)2 Power attenuation more than 30dB
with probability 1/1000
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CDF of SNR

Signal-to-Noise Ratio (SNR)

Plhy(c)  Pele) CDF
7/= 2 = 2 0
(0 (0 10 T T
Rayleigh fading é
1 é 10" e
f(e) =2exp(—g2) :
(0N (0N =
: T S T
— z
U§=E[\h3(f)\ ]=8 5 7=1
PDF of SNR Cee w0 o
1 —
f(y)=exp(—y) ;orE
V / o) Average SNR
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Error Rate in Fading Channel

Fading channel

BER of BPSK : .
! _Ph R
peb(Y)=EerfC(\/;) Y= 0_2 7
Rayleigh fading channel Y
1 _ Ph 4 ? 207 \ \ |
f(r)= jexp(— é) y=E ‘ (2)‘ Py % Error events |
Y /4 o N v J
0 5 fLOt 15 20
Average BER 4 Mathematical formulas )
Do) = [ P f (1)dy [Fx)g'x)dx = Flx)g(x)- [ £ (x)e(x)dx
— ierfc(x)= —iexp(— X’ )
=1(1_ /V) dx Jr
- ) 2 |
2 L+y Kﬁ’ exp(—ax )dx=5 % /
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BER Performance in Fading Channel

BER performance

10° .
— BPSK |
— QPSK ||
3 — 16QAM
10 —— 64QAM [
Q0
© \ ny
: NN \ Average BER performance
S0’ c : 0
Lh \\ \\ \\ \\ 10 — BPSK §
£ 1 \_\ \ \ I — aPSK |
ASE \ : 10 — 64QAM 3
10_5 \ \ \ \
= \ \ © 10
. ©
1075 5 u§ \ 15 2(\J 25 \ 30 DL:
Average SNR per antenna [dB] S10°
[ [ LlJ
Rayleigh fadin 2
. A y 9‘ ‘9 2
- .
.S 10 S ST 10 0 5 10 15 20 25 30
5 Average SNR [dB]
[P]
2
= .2
é ]O .....................................................................
: L[ ]
S VS One of biggest problem
10”4 o - - - In wireless communications

-10
power [dB]
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Diversity Technologies

Fading combatting schemes using more than 2 {Antenna, Symbol, Subcarrier}

Array antenna A
Antenna _
In multi-path env. ‘
Spa(fe
_ Repetition, Interleaver W
Time
In Doppler spread env. .
Time
OFDM
Frequency
In delay spread env. X
Frequency
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Antenna Signal Processing

Receive signal model
Array antenna receiver

|l [ ] 7y ]
h Y |n )
y.z I Rch n.z hl /ll\l y, ><W1
: : : 5 / V. U )
v, hM n, SY hz‘ Inz ¥, sz
y=hs+n W in, W
Yum

Weighted combining
§=w'y=w"hs+w'n

W=w w, - WM]T
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Maximum Ratio Combining

SNR after weighted combining

' Eflw"n[] W' E[nn w w0’

Vector outer product

E[nn" ] = 0’1, Uncorrelated noise

Maximum Ratio Combining (MRC)

W, =argmaxy =ch

July 6, 2017

Power [dB]

Vector inner product

) Efw"hs] ] ) w''h|” Efls|'] _@P

Performance of MRC

AA

[

A\/\ NN A
V

/

\
LA MA

Branch #1

—MRC
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PDF & Characteristic Function

PDF of sum of random variables

Independent random variables x )

Jx) ) Sy =) ()

Zz=X+y <—— Sum of random variables
f(2) =ff(x)f(z —x)dx <—— Convolution

Characteristic function of PDF

) == [ aesp-jmdy —— ¢l0)= [ F(exp(mdy

Theorem on Fourier transformation
r=>Y7 — o0)=] v ®
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CDF of SNR after MRC

SNR after MRC
RN CDF
V= 2 yi 10° —— 1( =
Characteristic function of each antenna c :m :§ )/
1 | E 10" —= // / //
}/ 1 "E /// /// // /
f(Vz)=TeXp - <—’qﬁl(t)=—_'ﬁ / /1
I-jnt 2 4 /
c_é 10_2 / // // /
PDF of SNR after MRC ° // / / //' //'
M -3
¢(t) = @, (t) = l 10_5 -20 -10 0 10
L L7 1-jyt Normalized SNR [dB]
_ I M- Y. . .
f(y)= (M — 1),71\4 Yy eXp| — ? Gamma dist. (x square dist.)
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BER of MRC Diversity

Average BER BER performance
—_ y— 0 MRC diversity, QPSK Signaling, Rayleigh
p.7) = [ p.(Nf()dy o o
—— SIMO 2x1, MISO 1x2 |
o'k T SIMO ax1 MISO 1t |
BER in AWGN (Gaussian Noise) .
8 10
| & W
P = Eerfc(\/;) 5 10° AN
Ll N\
s -4 \
PDF of SNR after MRC @ P
1 10° \\\ \\\
f(y)= M _1)'_M }/M_l eXp(—y) N ‘\\\
-V Y 10_60 5 10 15 20 25 30

Average SNR per antenna [dB]

o Moo )8 i N1, 7))
s R D ey & )
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Summary

B Error rate in fading channel

1 _ oy 1 y
- _ -1 L
peb(y) zerfc(\/;) peb(y) 2( 1+)7)
10° ¢ k
B Antenna signal processing { 7
c —M=3
2 = / /]
y — hS + n :g 10 = //’ /,//
R I % I K / /]
S=W Y=W hs+w'n ‘—;10'2 / //
B Performance of MRC diversity - g / / /
-30 -20 -10 0 10
M , Normalized SNR [dB]
2 h| P 1
[P 2 T f(r)= M exp(—
o = = 1= = ; M _1 ! —M
Yow = = = (M -1)!7
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Diversity Order

PDF of SNR after MRC

fy)= : Mle r 10° o
SRV =N
¢ [l—m=3
CDF of SNR after MRC g |le—m=4 yaary
i-1 2 / /)
4 3 / g /I // /I
> 7\ (/77) 3 / /]
=]-exp|l -~ 3
R GO Ve
1 antenna S e , ey |
/ // // //
) =1—GXP(—}/) = 4"‘0(7’2) 10:330 -20 -10 0 10
4 4 Normalized SNR [dB]

2 antenna MRC Diversity order

f(y)=1—eXp(—y)—yeXp(—y)sl(yjaO(f)
vy v y ) 2\7
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