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Date Text Contents

#1 Apr. 12 A-1, B-1 | Introduction
#2 Apr. 19 B-5, B-6 | Fundamentals of wireless commun.
#3 Apr. 26 B-12 OFDM for wireless broadband

May 3 No class
#4 May 10 B-7 Array signal processing
#5 Nov. 17 A-3, B-10 | MIMO channel capacity
#6 Nov. 24 B-2, 3 Spatial channel model

May 28 No class
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B Aim of today

Derive throughput performance of
MIMO communication system

B Contents

« SISO, SIMO/MISO channel capacity
 MIMO channel capacity

— Transmit & receive diversity

— Spatial multiplexing, SVD-MIMO

— Water filling power allocation
* Measurement on MIMO channel capacity
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Warminag

v ¥ LIy &

D
B Question

Calculate Singular Value Decomposition (SVD) of matrix H

Z 1

H:Ll) \/152} h, )

X 60° h 5

B Singular Value Decomposition (SVD)
H=UXV" = \/Zulvf +\/2_2u2V2H +---+\/Zumvg

Singular values: X = diag L/Z \//Tz o A A J m = rank(H )
Singular matrices: U"'U=1 V"V=I
R,=HH" =UZV"VEIU" = " .
: Uxv'vxu UAU A=d|ag[ﬂ1 i ﬂ“m]
R =H'H=VIU"UZV"=VAV"
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SISO System

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

Output SNR SY7 h ‘7),
_ Eflhs(t)|'] _ h°P -
Efn®[1 o

PDF of output SNR in Rayleigh fading

f () = 1*exp(— 7]
Y Y

Channel capacity Average channel capacity

CSISO( )Iog{ ‘hl_ ] 6S|so() j (7)C5|so(7/h7/
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SISO Channel Capacity

Capacity vs. SNR

*************************************************************

channel capacity [bit/s/Hz]
D

0 5 10 15 20 25 30
SNR TdB]

May 17, 2011 MIMO Commun. Systems (MIMO Channel Capacity)



SIMO System

Received signal vector

\%
LI
¥(t) =hs(t) +n(t) V. ¥

Output SNR
2
E[w/'hs[] ¥

7 = max = r\hi\ziz %‘:7
" E[w'n] T O |

PDF of OSNR in independent Rayleigh fading

f(7) = ——_yMiexpl L
(M —D)17™ 7

Channel capacity Average channel capacity

Csn\/lo(?/): |ng(1+ %:‘hi ’ :zj C_:SIMO(7)2 j f (V)Csmo(?/)j?/

=1
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MISO System

Received signal \\4

y(t) =h'w s(t)+n(t) @* h,

/ AN
Output SNR ) /@ 2 y
S .
Efh" ts N —’Q /
¥ = max ‘Wzt‘ :z\hi Ziz Y “hy,
Wi E[\n\ ] i—1 o

PDF of OSNR in independent Rayleigh fading

1 ns
f(y)= " expl — &
=i p( 7j

Channel capacity Average channel capacity

CM|SO(7): Iogz(l"'%:hi : :2) 6MISO(7):J f(7/)Clv||so(7)j?/

=1
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SIMO/MISO Channel Cpacity

SNR vs. capacity
14 w

—— SIMO/MISO 1x4/4x1 |
12 ——SIMO/MISO 1x2/2x1 o :
—— SISO |

Channel capacity [bit/s/Hz]
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SIMO/MISO Channel Capacity

Antenna size vs. capacity

Channel capacity [bit/s/Hz]

R e P
| - —— SNR=30[dB]

2 ——SNR=20[dB]
- ——SNR=10[dB]

0\ ! 1 ! 1 \ i |

1 2 3 4 5 6 7 8

Number of antennas

May 17, 2011 MIMO Commun. Systems (MIMO Channel Capacity)

10



MIMO Communication System

rD

— 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 Y \\4 MIMO receiver

#1 #1
Beamforming — —| Channel estimation

\V4 \V4

Spatial multiplexing [———— || Beamforming
<7v 3 \V4 Interference

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

~ yILtuulill

Received signal vector Transmit signal vector

\ ~

y(t) =/,HS(t) + n@

MIMO channel matrix Noise vector

l
+
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MIMO Diversity
Received signal vector W, w

y(t) = Hw,s(t) +n(t) 1 V g VY

+ lcbi
Output SNR S Y Y
4

Eflw Hws| ] ¥ PN
y = max >
e Efw'n|]

H 2
‘u_ Hv‘ P P
-2 Maximum singular value

2 2
o' o

Channel capacity max
AP
CMD(V) = IOgZ(]'_I_ ?j
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Spatial Multiplexing

Received signal vector
Sop i)

y(t) = iz—llhi \/I\/Tt

Interference cancellation

+n(t)

Wri:Ht
Output SNR
S(t)
Eflwih, ———= ]
7 = v
i 2
Eflwyin|']

Channel capacity

CMD(V):i%_;Ing(l"'?/i)

% 7
SI
_q?_ N 1y : i p
T 2 ir i
Y LRSSE TR N L
P L& : D—H—yﬁ
N ¥ ¥, ‘% Fo / RO e
VA N . il : i i
=® }:"- i-—@ i : :
= 1
TX RX fﬂ; —\E\-tfflu--------li ;‘I E
Yot e~ 3
‘‘‘‘‘ a4

Null subspace interference cancellation

H, :[hy - hy L hy hMtJ

i+1

H H! =EAE"
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Singular value decomposition Y g ‘7y
2 — |,

% =max(u;'Hy, VANAY
~ — Wt Wt —

H = \/Zulvf +H \W4 %

H=UXV" =\/Zulvi4 +\/72u2V2H +---+\/ﬂumvz

Eigenmodes
s =diaglyZ4, 4|  m=min(M,M,)
SVD-MIMO

y(t) = W HW,s(t) + W n(t)
=Xs(t)+n(t) i W, =V W=U
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SVD-MIMO

Singular value decomposition MIMO channel capacity
H=UxV" |
MIMO Z 09, i
2= dlagL/ﬂﬂ,---m/ﬂ.mJ
l’l Ir’__-"\‘ yl
2 %DO )&% P
@, N Coee =
S o Ay L S|,
data . g‘ ga//ﬂo )‘% / = d
. , < ata
—>|S/P g . \': = 8 P/ISF—
=R RE / A / Ya | ¢
e :\ : L B g
3, ) T
A h o 7y
\ oS U"
H
feedback channel SVD
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PDF of SVD-MIMO

PDF of singular values (Wishart distribution)

1 . n—-m -
f(ﬂi"”’/lm): K Hexp(_/li)/li 1_[(}%_}*])2
m,n i=1 i<j
« 7 n=max(M,M,)
™" T _(n)[, (m) m=min(M,,M_)

Marginal probability

f(ﬂl):j...j f(A, A )dA, - dA_
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PDF of SVD-MIMO (Example)

2x2 MIMO
M,=2 M, =2
Joint distribution (Wishart distribution)
f(h4) =67 (4= 2,)
Marginal probability
f(4)=—2e" +e”(2-24+2) — E[4]=35
f(4,)=2e"%" —  E[4,]=05
Cumulative probability ~
?(;1): le f(A4)dA, =1- x (;12 + 2)+ et » 11712 +-

—_ [— 2 ~ — o o 0
()= [ f(4)d2, =1 ~ 27,27, +
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- MIMO ch. 3

cumulative distribution

ffffffff -

~~ MIMOch2
~—+ MIMO ¢ch.1 | R !

,  MIMO total S
‘IO \ I I L l [ |
-20 -10 0 10 20

normalized SNR [dB]
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MIMO Channel Capacity

Contributions of different eigenmodes

N
&)

—&um capacity
——1st eigenmode | |ID Rayleigh
"|—=—2nd eigenmode| SNR =20dB
——3rd eigenmode
——4th eigenmode

N
O

N
N

—
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Channel capacity [bits/s/Hz]
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MIMO array size
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MIMO Channel Capacity

May 17, 2011
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Channel capacity [bit/s/Hz]

Antenna size vs. capacity

——SNR=10[dB] |
——SNR=20[dB] =~ S *
— SNR=30[dB] ‘
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MIMO array size
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MIMO Channel Capacity

SNR vs. capacity

35 x \
——MIMO 4x4

30 ' —mmo2x2
——SISO |

N
(&)

Channel capacity [bit/s/Hz]

0o 5 10 15 20 25 30
SNR [dB]
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Transmit Power Optimization

Cost function \Water fllllng

1}1
Craisol Zlogz(“ ' ') ﬁTT moou
S
| m \i I
subject to P:Z:Pi N R,
i=1 | }\1 AT T
Method of Lagrange multipliers M A N

Optimal MIMO channel capacity

T giniz]
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Optimal MIMO Channel Capacity
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Measurement System

ULA ULA
L
4-ch 4-ch ATT 4-ch 8-ch
AWG | | transmitter | | v receiver DSO
GPIB [ e
| position L-—-J
"""""""""" controller
pC X-y positioner
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Photos of Measurement System

Rubidium

2-ch AWG 7 i N

TR——

EE 8-ch DSO

Vs ment ULA

Transmitter x4 PC Recelver x 4
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Process of Measurement
|

i Transmit frame upload
!

Position control
!

: Frame data acquisition — Y

] ~
Channel estimation | — H
Coherent detection — §

'

Error count
]
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NMo

Measurement Setup
Center freq. [5.2 [GHZ]
Array type 0.5A spacing 4-element sleeve array

TX. power 0 [dBm/channel] — SNR = 25 [dB]
Bandwidth 187.5 [kKHz] — 125 [ksps] a=0.5
Modulation BPSK, QPSK, 16QAM

Frame 512 (31:training. 481 :data)

Meas. points

256 points (2 x2[cm? step in 30 x 30 [cm?))

May 17, 2011
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Transmit Array Antenna (AP)
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RF IN
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Donation from Samsung Yokohama Institute of Technology
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Received Signal of 2x2 MIMO
with QPSK Signaling

Received signal Interference cancellation
; 2
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Distribution of Channel Capacity

10[dB]

SISO @ SNR

MIMO @ SNR=10[dB]

Channel capacity [bit/s/Hz]
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Cumulative distribution

—— measured |
..... i.i.d. theory

10 15
Channel capacity [bit/s/Hz]
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Dependency on MIMO Array Size

Channel capacity increases linearly w.r.t. array size in real environment

18
16/ | — measured
tal | 1.1.d. theory

k.
2

Fav. SNR = 15[dB] -

k.
-

Channel capacity [bit/s/Hz]

6! +3v. SNR = 10[dB]
4F
5 )av. SNR = 5[dlB]
0 | .
| 2 3 4
MIMO array size
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Summary
 MIMO channel capacity

— Transmit & receive diversity to enhance reliability
— Multi-stream spatial multiplexing to enhance spectral efficiency
— SVD-MIMO & water filling power control achieves best performance

~

MIMO channel capacity increases linearly with respect to
the number of antenna elements in |ID fading environment

~

How about in realistic propagation environment?

L Double directional spatial channel model }
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