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Course Schedule (2)

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 | July26 |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 |Aug 6 All Final examination
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From Previous Lecture

B Orthogonal Frequency Division Multiplexing (OFDM)

m(t)  m(f) _ S(f) S(t)v /Ny ) ¥(f) _ m(f) ()
—{sPaf DI prT ) S L FRT AL D9 L pys|—
' h(T) '
OFDM mod. OFDM demod. (FDE)
S(k)=\/lﬁ]:2:§(n)exp( jZf[k%) ?(n)=ﬁ goy(k)exp(—jZﬂn%)
= h(n)5(n) +7(n)
5(n) = y(n)/
B AMC over OFDM h(n)

Coding: Error correction of subcarriers at fading dip
Adaptive mod.: Adaptive data rate control per subcarrier
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Contents

* Channel capacity of SISO
* Channel capacity of SIMO/MISO
» Channel capacity of MIMO
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SISO System

Received signal
y(t) = hs(t) + n(t)

Output SNR S§7 h Y7y
) Elhs(t)| ] _ P -
E[ln(0)]] o

PDF of output SNR in Rayleigh fading

1) =1exp(—y)
4 4

Channel capacity Average channel capacity

‘h‘ZP ESISO(y)=ff(}/)CSISO (}/h}/

Csiso (7/) = 10g2[1 T
(0
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SISO Channel Capacity

Capacity vs. SNR
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SIMO System

Received signal vector , §7y

¥(£) = hs(r) +n(r) 7 < é()
SY7 /hz' \V4 &

Output SNR s L%

E[jw

y = max ‘ EH %§7 | /
W E‘w n‘

PDF of OSNR in independent Rayleigh fading

1 _ 4
= CXP| ——
J () M -7 r p( 7/)
Channel capacity Average channel capacity

b P
CSIMO()/)=10g2(1+E h, 202) SIMO ff Csivo Vh?’
)
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MISO System

Received signal 'Y
(@) ='W s(6) +n() é@* h

/ v O\ Y
Output SNR > /@ hz: Y

W

S

E[ hT t ] y —S>O °
¥ = max ‘Wzt‘ =Ethl.2 P Y74’
Wi E[‘n‘ ] i=1 o

PDF of OSNR in independent Rayleigh fading

1 Y
= CXpP| ——
Channel capacity Average channel capacity

Mt
CMISO logz( + E hz ) MISO f f /4 )CMISO Y hV
i=1
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SIMO/MISO Channel Cpacity

SNR vs. capacity
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SIMO/MISO Channel Capacity

Antenna size vs. capacity
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Singular Value Decomposition

B Singular Value Decomposition (SVD)
H=UZV" = JAuv! +  ALuv? +- .+ [4 u, v

A, = max uHHV‘2 s.t. |u|2 =1, V|2 =1
Singular values: X =diag \/)tq \/)Lz \/Z m =rank(H)

Singular matrices: UfU=1 V%V =1
B Relationship with Eigenvalue Decomposition
R =HH" =UXV'VEIU"=UAU"
R, =H'H=VIU'UXV'=VAV”
Eigenvalues: A= diag[ﬂ.l A e A ]

m

July 30, 2018 Wireless Communication Engineering

11



MIMO Communication System

— Multi-Input & Multi-Output (MIMO) at the same channel

— Utilization of rank m=min(M,,M ) effective channels
(ex. SISO — 1, SIMO — 1)

— Benefits of MIMO = increase of throughput & area coverage

MIMO channel

MIMO transmitter A4 Y MIMO receiver

| # 1 # 1 o
Beamforming — — | Channel estimation

\\4 \V4

Spatial multiplexing [——— | Beamforming
\%4 \% Interference

Space-time coding # Mt # Mr cancellation
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Signal Model for MIMO System

Received signal vector Transmit signal vector

\ ~

y(?) =/ Hs(7) + n{t)

MIMO channel matrix Noise vector

Vi h, - hy Sy n,

|
+

Yu. hMrl hMMt S, My
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MIMO Diversity

Received signal vector W, W
Y Y |
() = Hw,s(0) + (0 é} H O 1@
Output SNR ) Y / é @
Ellw/ Hw,s| | \%4 %
¥ = max .
"o Efjw!'n| ]
‘uH Hv‘zP AP
= o 2 - 2 Maximum singular value
i
Channel capacity Max uHHv‘Z ]

AP
CMD(}/) = 10g2(1 + —2)
0}

July 30, 2018 Wireless Communication Engineering

14



Spatial Multlplexmg

Received S|gnal vector
s. (1)
y(t)=2hl- —= +1()
& M,

Interference cancellation

Wri = H\lz

Output SNR
Null subspace interference cancellation
Efwin, 50
Mt H\i=|_h hl 19h1+1 “’hMtJ
Vi =
E[‘Wgn ’ H _H = EAE"

Channel capaﬂzlty E = [ela,,,’eMtJ

CMD(7)=EIOg2(1+7’i) H\Ll =e,,

i=l t
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SVD-MIMO

Singular value decomposition

H=Uz V"

H H H
=JAwv, +JAuw v, +-+ A u v’

Z=diag[\/z,'“,\/a] m =min(Mt9Mr) -

—_—

SVD-MIMO
y(t) = W/ HWs()+ W'n(r)
=U"HVs(t)+U"n(¢) = U"UZV"Vs(t) + n(¢)

= _Zs(t) +n(¢)

Vi

Y
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Parallel SISO channel
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SVD-MIMO

Singular value decomposition MIMO channel capacity
H=UzV" 1
. MIMO E 0g,
> = dlag[«/)g,---,\/)tm]
X1 M /'/—\\ b4
17 %DO )& P e
o | R P =
- “E‘ A p ’"\\ Y2 g
Ntk 9@0 (% BHE |,
N , o ata
—>|s/P g SRR 2 PS>
5 % X3 ] ‘ p :, E V3 éﬁ
) o , . E
R g SN T pE L
A ) ) A
v eShannel U
H
feedback channel SVD
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PDF of SVD-MIMO

PDF of singular values (Wishart distribution)

1 m . m
f()l199;]“m)=K ]_][exp(_ﬂ'i)/li ]‘_[(/’Li_ﬂ'j)2
m,n = i<j
"y n=max(M,, M)

K =
"' T (n)T, (m) m=min(M,, M )

Marginal probability

FO = [ [ f e Ay A,
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PDF of SVD-MIMO (Example)

2x2 MIMO
M =2 M =2
Joint distribution (Wishart distribution)
f 2oy = (A= 2 f
Marginal probability
f(A)==2e""+e (224 + ) — EA]=35
f(h)=2e"" — HA]=05
Cumulatlve probability
7)= [ 10s =1 (3 4 2)+ e Ry
FE)= [ Faa, 1= <27, 277+
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CDF

July 30, 2018

CDF of SVD-MIMO

0

Output SNR of SVD-MIMO
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MIMO Channel Capacity

Contributions of different eigenmodes
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MIMO Channel Capacity

Antenna size vs. capacity
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MIMO Channel Capacity

— SNR vs. capacity
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Summary

B SISO system

It
y(t) = hs(t) + n(t) Caiso (7/)= 10g2[1 + ‘ J),zP

B SIMO/MISO system

y(¢) =hs(¢) +n(z) Csmo =log, (1 + i h, )

B MIMO system

y(7) = Hs() +n(?) CMIMO(?/) = i logz(

P
o’m
H=UZV" = JAuv’ + [Au, v+ 4 4 u, v
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