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Agenda

B Aim of today

Derive BER & throughput performances
of MIMO systems with transmitter pre-processing

B Contents

e MIMO transmitter architecture

e MIMO transmit beamforming

e SVD-MIMO (MIMO eigenmode)
e (Quasi-)Orthogonal STBC
 Measurement experiment
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Warming Up
B Question 1

Given a real vector of h , calculate an unitary matrix of U

h, 1[h 2 y
h = U== ) S h
h, ?1 h, | .
\\ X
B Question 2
Given a complex vector of h , calculate an unitary matrix of U
h= hl U= l hl !
h, ?2h, ?
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MIMOQO Transmitter Architecture

MIMO precoding For frame synchronization
Ex. SVD-MIMO, OSTBC, Q-OSTBC & channel estimation

adaptive
coding adaptive
(punctureing) modulation

/™ OFDM /X

-—— = =
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Amghlnng g R IFFT [ 3 <
data_ | =5 | ; ¢ ¢
=z : 5 =
> > 12 & LT &
2 : B
—» none —E—:I- E/—.‘P IFFT —Q
\ )
R S Y
l S

( adaptive controller (feedback controller) B —————=-=-=-=-=

Channel feedback
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Classification of MIMO Transmitter

Diversity Multiplexing Channel

feedback

SVD-MIMO Full Full Required
OSTBC Full Single Not required
Q-OSTBC Partial Partial Not required
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MIMO Transmit Beamforming
MISO signal model Wi A\
y(t)=h"w s(t)+n(t) @, h,
/ 7h\j7y
2

\
Retro directive beamforming /é()

S .

W, =h’ - e
Y “hy,

2
Efj" s ]
W '
y =max > Transmit diversity with order M,
v E[n|]

PDF of OSNR in IID environment

1 - 4
f(y)= —— " exp[— j
(M =11y 7

Output SNR
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Transmit beamforming

Incident angle

L

Side lobe level

1
(S
L

T

20k Main lobe Sidgle jobes

_:“0 | | | | | | | |
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Angle [deg]
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Subspace decomposition W,
R=(hh") = (EAE" |

1
A =diag[A, 4,4, 4, ] é@ \4 h, ‘\/y
A> Ay =y =2y =0 =0 :

E:[elae29e3ae4] Y74M:
| = ~ X
Signal space Null space

e;Re;, =0 — h'e; =0 (i=23,4)

Interference cancellation Output SNR
YO =h"w,s()+n() , W hhwP_ 0
w o=e (i=234) o’ o’
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Transmit interference cancellation

Incident angle

1

Power [dB]

0 20 40 60 80 100 120 140 160 180
Angle [deg]
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Singular value decomposition

P/S

A, = max{u’ HVI‘2 \4 , U
e <o s 2
H=Zuv! +H Hit<omms s
H=UzV" R R 4
Eigenmodes

s =diaglyZ, A | U=[u,u,]  V=[v,-v,]

m=min(M,M,)
SVD-MIMO Parallel SISO channel
with different diversity order
y(t) =V
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SVD-MIMO (Effective SNR)

« Different diversity order for each eigenmode
10"

cumulative distribution
o

~+ MIMOch.3 ]
—=— MIMO ch. 2 o
- —— MIMO ch. 1 | |
e ~— MIMO total f |
-20 -10 0 10 20

normalized SNR [dB]
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SVD-MIMO (BER)

« Different diversity order for each eigenmode

0 MIMO 4x4, QPSK signaling
10 t J T T T T
e T ]
10 & sl TR R
10 bronoeNEndNenannNen Imeegsmnnn o Tong
Lc; ............................................................... 'e‘-..__‘h‘ .......................
= 3 b U
— 10 JESEESEEEREREEEEREEEEE, TEEE RN ::::::::::::::::::::.'::::::::::::::::::::::::::::::ﬂt*&:;:::f
o 9
h .................................................................................................
q} g [ N N N
R et I 1 T i Y O R o
E 10 ................................... + lSt eigenlnode 3
.................... B O N —-—zndeigenlnode _
10” | = 3rd eigenmode i
4th eigenmode ]
P - ©- SISO
10 | |
0 5 10 15 20 25 30

Average SNR per antenna [dB]
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SVD-MIMO (Throughput)

» Higher order eigenmodes don’t work effectively with fixed modulation order

MIMO 4x4. QPSK signaling

—* all eigenmodes
- | —9— 1st eigenmode
—%— 2nd eigenmode
- | —#— 3rd eigenmode
4th eigenmode
SISO

~1

=

tn

Throughput [bits/s/Hz]

4 - -4
3 - -
2 e )
] - -
(e N ! ! L
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Average SNR per antenna [dB]
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Orthogonal STBC (Coding)

2 transmit antennas (rate: 1) Orthogonal sequence
s —s.
C=[s(k) sk+D]=|" 72
_82 Sl _
4 transmit antennas (rate: ¥2)
s, —S, —S, —S, S —S, —S, -—S,
C= S, S| Sy =35 3 S| Sy — 3
s, —-S, S S, S, —S, S S,
s, S, -S, S S, S -5, S
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Orthogonal STBC (1-Rx Decoding)

TS

Recelve signal

s, —S,
[y() yk+D]=[h, hz]Ll Sf}[n(k) n(k+1)]
2 1
Equivalent STBC MIMO channel Y h, ‘7y
yao T [ b s, no s /
y'(k+D| |h, =h'|s, | [n(k+1) — 7h,
Equivalent channel
y g N o ot O R N R i
y +n H H , , | = ,
0 h|"+|h,] 0 |h
ZF detection Virtually orthogonal
1 1
S=H_y = H'Y=—H[y
nF el
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Orthogonal STBC (2-Rx Decoding)

Recelive signal

H, H s
[y(k) y(k+1>]={ § }{S ‘Z’z}[n(k) n(k+1)]

H21 H22 S2 Sl
Equi . H, H,
quivalent STBC MIMO channel H-= H  H
_ — _ — — - 21 22
y, (k) H, H, n, (k) \\4 7
yik+D | |H, —H], H+ n; (k+ 1) .
0o [Ty Hy )] neo s ¥ X ¥ »
_yj(k+1)_ 'H, -H _nj(k+1)_ .
y=Hs+n
2 2 2 2 2
H[ =|H,\ | +[H,[ +[Hy [ +[Hy|
ZF detection Virtually orthogonal
S=H Y= My

H,
F
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Orthogonal STBC (Effective SNR)

Effective SNR _ S
PDF of Xi-square distributio
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-30 =20 -10
Normalized SNR [dB]

Transmit & receive

PDF of effective SNR full diversity
F(7)= 1 M exp| —Z M=MM
(M =D!y" Y S
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Orthogonal STBC (BER

- § Wi v n u ‘l

« OSTBC achieves full diversity gain (4 x 4 = 16)

MIMO 4x4, QPSK signaling

Bit error rate

25 30

0 5

10 15 20
Average SNR per antenna [dB]
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Orthogonal STBC (Throughput)

« OSTBC sacrifices data rate to coding rate (1/2)

MIMO 4x4, QPSK signaling

10

SISO
gl | ——MLD
——STBC : i
'ﬁ' ] ................................. ............................... .................
- : : :
T : : :
"EE 6F R EEEEY REEEEEEEEEEEREEEPREEETRREEREE B (RS SRR RRRREEE
A r : S

[ Full diversity gain

Coding loss
No multiplexing gain

| \/ l
i 10 15 20 25 30

5
Average SNR per antenna [dB]

Throughpy

June 7, 2011 MIMO Commun. Systems (MIMO Transmitter) 20



Quasi-Orthogonal STBC (Coding)

4 transmit antennas (rate: 2)

s, —S, \'% Y
C = > Sl* —| ! %2 | grper | V7 VY V¥
S, —S, C, L
S, S, Y
% | srpca |

Quasi-Orthogonal
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Q-OSTBC (Linear Detection)

Receive signal

_Sl _5;_
S, S i
y() yk+D]=H [+[n@) n(k+D)] Hy Ho Hy HM}
S3 _S4 H:
S S* _H21 H,, H23 H,,
| 94 3 ]
' =|H, Hz]
Equivalent STBC MIMO channel
\% \V4
y, (k) H, H, H; H,|s n, (k) — X 4
yl*(k"'l) _ H1*2 _Hl*l H1*4 H1*3 S, + n, (k'l'l) ‘7 §7 y
Y2(k) H21 sz H23 H24 S; nz(k) _‘7
% * % % k k S
_y2(k+1)_ _H22 _H21 H24 _st _54_ nz(k+1)
~ \V%
y=H_s+n ]
Quasi-Orthogonal
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Q-OSTBC (Effective SNR)

ZF detection Y Y
$=Wy=(H"H )] H"Y \4 V v
MMSE detection s YV
2 -1 —
§:W§7:£H§'HG+M;DG IMt] H'S \'%
Effective SNR Diversity order
Y S 0, =2x2-2=2
Mt(72 (H?He)ii o
STBC Interference cancellation
MMSE 1
Vi = P -1 -1
( M 2 H:‘:_I He T IMtj
@ i
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Quasi-Orthogonal STBC (BER)

« QOSTBC achieves blind transmit diversity even with spatial multiplexing

10° EEEE 5
R R 5150
N - —6—2x2 OSTBC
10_1 gezizizzi: fazzzii: = O Ax? QOSTBEO 4
0 107 fism
+ IIII:
E R IIINGT SR
T S B T
210 ’ R
L [ppupapapel
) R
+ SR SR SR - e o e = A N |
0107 bseee S e NG ST
] I N N
Transmit diversity
10_6 ______________ L o L \ _____ L | _______________
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Average SNR per receiver antenna [dB]
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Quasi-Orthogonal STBC (Throughput)

« QOSTBC achieves twice throughput than that of normal OSTBC

6

S50

[ [ [

——2,2 OSTEC | |
51 ——4x0 QOSTBO L oveeeeeeeeecboeeeee A S _
4 L o o oo e e e e e e e e Al e e e e el e mmmleemmmemmemameeL & h

o
I

M2

Throughput [bits/s/Hz]

Partial
multiplexing gain

i I I I I
0 h 10 15 20 25 a0
Average SNR per receiver antenna [dB]
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Measurement Condition

Environment Parameters
s Center freq. 5.2[GHZz]
YT ur Half a wavelength spacing
@, Array structure 4-element linear array
C — Symbol rate 125[ksps]
*‘- ) Jd;l s AP corridor
Modulation (BPSK), QPSK, (16QAM)
Frame structure 128(31:training, 97:.data)
v NLOS Measurement 441
v’ Static points 2x2[cm?] step in 40x40[cm?]
June 7, 2011
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Measurement Environment

Transmit array antenna (AP) Receive array antenna (UT)

i |||i|||'n|||ﬂ||il||“|||., e

e

27
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Transmit Signal Constellation

Before eigen-beamforming After eigen-beamforming
1 Eigenmode 1 . Eigenmode 2 . Transmitter 1 { Transmitter 2
0.5 0.5 0.5 e 0.5
® ® L L4 R
0 0 0 0
® Py ® * ve se T oo
-0.5 -0.5 -0.5 ORI -0.5
-1 1 -1 - -1
-1 05 0 05 1 1 05 0 05 1 -1 05 0 05 1 -1 05 0 05
. Eigenmode 3 | Eigenmode 4 . Transmitter 3 . Transmitter 4
0.5 . . 0.5 . . 0.5 0.5
0 0 0 0
L] o L L ]
-0.5 -0.5 -0.5 0.5
-1 -1 -1 -1
-1 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1 -1 05 0 05
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Recelve Sighal Constellation

Before eigen-beamforming After eigen-beamforming

1.5 Receiver 1 15 Rec?iver 2 Eigenmode 1

3 Eigenmode 2
1 ' 1 LI 2
gL - .

0

3
2
1
0

0.5 e 0.5 L 2 ol
0 e ol .
-0.5 S 050 e -1 W -1 AN

1 1 U 2 2

1.5 1.5 3l . . .
-15 -1 050 051 15 15 -1-050 051 15 3 2 -1 0 1 2 3 3 21 01 2 3

Receiver 3 15 Receiver 4 Eigenmode 3 Eigenmode 4

) 3

1 e 1 * A . 2
. R )
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0.5} - " _ 0.5
T BN _ .
Al i P Ll o N

-1.5 1.5 : 3 .
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0
100 T
|| —— Experiment
(| eeenan Simulation in i.i.d. channel

10°

Cumulative distribution

-20 -15 -10 -5
Power of eigenmodes [dB]
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Measured BER

 Measured BER agree well with theoretical values with
Tirr{;}ing & Channel Estimation error (TCE)

10 -

2 U "' 1 .............. | A el
810 pumnnnnnnnh "’« - 2nd eigenmode, T~ [ T
- - I B I e e P ‘
= ; N o it
o L NOA I -
E S "N L
- 3 L 0 .................. 'Iil"\ ..........................
E 10 ..................... Sl b TS b

............... ] 'St'EIgﬁﬂﬂIDdE"""' '\\,\\
T NG N
-4 | ¢ ‘\ f"n \\
10 :_ ......................................................... \‘\\_-
E?{pﬂrin:lﬁnt ' ‘Q ......................... \\
[ | ===« Simulation with TCE | "~ N
| Simulation with perfect TCE L
-5
10 | |
0 5 10 15
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Measured Beam Pattern

#1 #2 #3 #4

Transmitteré EwA Tranzmitter : EW2 Transmitterz: Ev3 Tranzmitter : EW4

TX

Receiwver : EN Receiver :EE‘-.-".' Feceiver . EVG Receive .EE‘-.M
2 2

RX
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Demonstration Video

» 4x4 SVD-MIMO achieves 8 + 6 + 4 + 1 = 19 [bps/HZz]

<) Figure 1

i [m] 3]
R power 0 Bit error rate - fverage singular value
hARD -0 F DR
I S S SO S Eigenmode Transmission System
T e U S Tokyo Institute of Technology
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: —t EM2 : B40AMR = 2/3
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-80 5 1'0 1:5 =0 Throughput 152 Mops
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SI immarv

AllLl1111 I.y

e MIMO transmitter

— OSTBC achieves blind full diversity gain
while sacrificing multiplexing gain

— QOSTBC achieves blind transmit diversity gain
with partial spatial multiplexing

— SVD-MIMO provides spatial multiplexing
with different diversity gains by utilizing channel feedback

~

Effective utilization of different diversity order in SVD-MIMO

[ Adaptive MIMO communication system
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